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Regarding the engineering technology, although it has been recently studied much on the
grouting technology during the tunnel excavation, it has not studied as an aspect for applying
to the coastal area. The underground water on the saline condition has not been pointed out
to influence the cementitious grout material.

In Nordic countries, in order to sufficiently reduce the water ingress at a geological disposal
site, it has been performed the researches on liquid type grout using active silica colloid, which
is called “colloidal silica grout” or “silica sol”. It has been applied to seal fine fractures that
cannot be penetrated by cement particles. Demonstration tests and practical applications have
been conducted at deep underground facilities in Sweden and Finland, which are both in the
coastal area. As written above, although the colloidal silica grout started to be applied to the
sea water condition, the mechanism of gelling under saline water is not known and the
grouting methodology under sea water is not yet established. Therefore, the research project
on the grouting for about three years has been established, as a part of the public offered
project “Commission fee for surveying techniques, etc. for geological disposal of radioactive
wastes” by Resources and Energy Agency (development of the disposal system in coastal area).
This report shows the result of the first year of this project as following items; Study on the
state-of-art technology and remain tasks; laboratory tests on characterisation of colloidal silica
grout under sea water; Study on the development of grouting technology (design and the
evaluation method of influence on the rock mass).

Keywords : Coastal Area, Under Condition of Sea Water, Rock Grouting, Colloidal Silica Grout
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e AN EALBRSEY |, TOMEERD (770 NEROATA RT A4 29, EniR@BE g 5TiT
ROMEIER M IEE > & —IZ31T D5 e & BET 2R N L <IThbilTE TV 5,

TLIS0FoT RRANTSOFT

(EfgAlm) . (TLEHEHIR)

B 221 SBISIFTOHY

Wy HEDHE A TS ALK T, [ O HIE L3512 R 1T ik LW PR KRR D Hu T
%, SKB Tidf] 2 1A HTEIZ VT 1.7 L/imin/100 m», POSIVA T/ 1.8 L/min/100 m® & &
NTWD, WTFN L EIROFRBKED B TH D08, T E CIEERE GRS 72 AT O1RE 500
m DOYLEIZEBITHRA N ZUF 2 Z%OFEKENK 70 L/min/100 mPTh b Z L 2B E T
. YUHIUENEKBHEDOZ WX TH 722 L 2BE L THALROFFRBAKEIZIEF (2E L
KL E25,

Z 2T, AEBR TITALSTHLE D X 5 2 KREE @K E FIZB W TEKEEZ RIFIZAD 72 < U TR
KEEFERT D720, AL MRITHRE TE 22RO 2 MR T 2REMENE <
MAMEDOEWEE Y U av A REEyE LEEEA 7 70 N (CLR R Z 0 h LIES)
DHFFEBRFE S 2007 FFEH L V1T TV 59, 7ok, JEERTiX, BASF #Hd Meyco® U — XD
WL 770 hBERTH S (K 2.2-1 5H),

EBROIEIETL 7T 0 MZOWNWT, AT =—T N34 A B — v LD AR HRL (2B CTIHEFE
HBRTCHEA SN, 74 T2 RIZA XA oA v TIEFEFERBR I 2 C 50 H 23 B s S
TG 0, FFET X L, WTAOM NS IR FERICAE L TR Y . R4 0 v TSy
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REOH T ARKFOWEMRENENZ L THDH0, I, W77 7 MIA Y =—7 Tl Silica
sol, 7 47> RFTiZ Colloidal silica grout & FEEIL TV 5,

222 EBXTRWVLWLNTWSRREI SV b
(Meyco®< Y — X BASF fh#) 1

BRETIZ, 777 MEtE LT, F<UTEEAL T U REA Y R EITHEE %L T
MnbhTETEY, BIRMHRITS U T, BRSO vl U Eo' A MBS - 1 S
NTERE, W7 7 MiE, EAMELE Lok v B H < b &1E 1992 £
MEAZZ D b &I TR ORI R 72 EORBRIEAD DT SN METH D (K
22-3%M), LATHFLL L, N—~nvyZ®Hi v —X (Giftt=o V=%V 7)) o
TR FEENH DN, BT U N TEE L TOEEIDR, 2T, BARETIFFER 5%
HTIX Bk 6 » 4 (2007 H-~2012 ) OHFHUEM THEAT & (LB IZB W T, iR 7 7
7 MZB L TIEHET — X DESR2 5N 7 ) A BT A R YA TOEGE R E ORI 2 5
i LT\ 5D,

VAR TIE, BRI RS T ZE AT OTREE 300 m (2B W CIEHEM 775 v b o#RBRE T8 2010 4E12
Fhiti S 12, 2014 FFITIFHRE 500 m O EE FIZBW TR &' A > MMz QEiRiE 77 o
FNEHWEZZ 70 N TR LTWD D, Fio, IRERICALE T 2 A8 LPG TS O ek T
FCTIE, A7 0777 F % EMEIN DR BRANRET H2HBIT, WERM T 70 N3 iEn
B SN =358 H 519,

b, BAREIROEHE 7 Z 7 S OFFFERRRICON T, BEOMEZK 2.2-4 [Z7-7,

CEERTED G Uit 7 7 7 M | (L E 5 5 V]

M 22-3 HATAWLWLATWSAEREI SV CEEaO( 5L UN)
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-2002¢ HhBE T S HATRARE 2H ¢ B =& D  BRFEORET !

A%, AT EOTHREA] | 2008 4 : = g T RKTED, —g!
\_ (2015 SEEFSEAR : 1,100 HELE) gy DY SERE & ASE |
; 12010 4 : [ i —f% F O RILDRR b

----------- T svroiaam
- (BB H+B1k=—X] -.2011515 Ejd'/j;l/ﬂ('m”l *ﬁﬁﬁ

2007 £ - FETELS S5 O - B | oo oo m oo
! YIRS S AEAZERAROBHA | Im: X’bz—'v'-"/[ﬂﬁ’rlslllcasol |

2010 £ : BiRRE 300m ITTHERMET .

20135 ABISCTHIBER, I 160m, T
(0p): 5y b5y 5 pabi 55 i 2 :AvAhn

2014 £ : BRI 500m [STHRR R . (ONKALO 3 F

: IVF VI DAMIISER | FHEERE e

IR - Im R R TR &
B3 BEILPG ATiER TS

H=: 24250 F
[FFR]Col loidal
silica grout

22-4 BHEBTI COREREAFOEEICONT™

7% 2.2-1 1%, BEESGRIS R EN TV A AEER & B ARDOREREL 7 Z w7~ OMER RO ki R TH
%15, LR DOERIERL 7 Z o M E, RiFEAS 2-100 nm (ki & A > M4 1/100~1/1,000 F2 )
ThDHZENLIEFITRBIEICEN., TMAYER L) MY oA 4 (Nat) OGH &4
KT ErWEINTND, 777 MELAE, IEHT Y aa A REROFM & B bRES L 72
ZEIR (NaCl @ 10wt%/KIFiK) ZHRES Z EIC L Vit BELEREEZ L ETHLEA
LEFELTWD,

— 05 BAROEEE 7 F v M id ki 10~20 nm F2E Bk +t& A > Mo 1/1,000 FLE)
ThodZ enn, MRBFRRIZIEFITREMEICEIL, A A ZBEICE Y NatzfREL TN D
7o O ANEIZ HEN TV D, EEEANL, ALK TR O NaCl OKER Tid/e <, KCl %
Ty & Lt*ﬂkwﬁﬂ (K 2.2-3 DEXY 225H) ZBIHCHIEE/AK (M T KSBLS OLELK
2E) N LTEWRE WD, 20D, BROEERM 77 0 M, BAH ORRK Ok
KlOWMEEEZ D Z LT, #w&%Aﬁﬁ%ﬁa TRPL, AROEW 7 7 v ME, BlE
WCEENLEME UV IE) BINAVEA LICEHDOT—E (—RICEFEL 80%) &\ 9 FE#EN
HD, EMERMOLRIZE > THFNTA LEEZTHDHIKREXTIE, TOEBRIZL > THA
RO BENEDDHZ EIZRD,
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* 221 LER®E (&) LBXRH () OBKEITZ7 FOEND
(Tsuji & 201315 D & —HIN%E)

TASS-tunnel MIU-300m-niche
Manufacture Eka Chemichals AB. Sweden (Supplied by BASF)  Kyokado Engineering Co.. Lid., Japan
Product name Meyco MP 320 Permarock ®Hi-R (brand name: Hi-Silica)
Specification + Si0, (amorphous particles) = 40 wi% + Si0, (amorphous particles) = 30.6 wt%
of main liquid  + NaOH=0.4 % + Na,0 <0.6 %
component + Particle diameter: 2-100 nm + Particle diameter: 10-20 nm
Hardening Sodium chloride (NaCl) solution with a Granular potassium chloride (KK‘L)
accelerator concentration of 10 wt%. (Need to dissolve in water before mixing)

ZOEHIT, AR E BARIZEBT DILHMSOERA 77 7 Mt TR bEER O s
HIERERZ DT IZET DOENDR B DM, B{LIEERIF DG A A3, T/ A ROE®ET Y
anA R E DT TIMET DA D= AL EFFOR—OMEFTH 5D, F7z, LK E B ARDEIK
7 Z 0 MA@ 28 E LTI, Wb AL I FE0 b pH 2MEL . pHI~10 2
FELRoTWHI ETHD, BAY N0 MIHWBIRFF O X 5 2Bl %= & E700 20,
NTIANY T2 B~ REHIBITIEF 1D 72 HTTKRPMKSGETIZ o726, T K% iR
HAKIZHWDGAE THIEAKD pH 13—#%IZ 8.2 BRED O, KT VA U 72 EHZIZZE DD 3720
EEZLND,

72720, WTFNOFEERITB W TH, WAKRSEET TOREILD A J1 = X ARE O SEMEMMEO I
R THY . BAR 2N THIEG RS CTH D, £, WIRELZ 7 U N ORELEE A~ DR A
KREMETITIIT DM BIADEBIZ DN TIIRINDE 3 320,

> T, BRIOEWHRE 7 Z v N ORI G, Bl U7 B o SCk e S &0 T el
AR Z A A AT KBRBECME KSR T o8 0 O TR 7 o N oFiE 2 320 L, iRE 2%
BT LHVERNHDLEF 2D,
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2.3 BEXHORE
231 X R FERERROBE

AEITIE, D D WVIIASE TICB WAL 7 7 R x5 L Lz ENRBRSC KRR
Br. BlE T R OW TR 2 3406 L 7= SCkds K N2 O R 2R~ T,

FENEL LI-DIE, Avz—F O AR HRL 7 4 T2 ROF el 5 EiER
B, A LPG ST THICHB T 203 A e & Mg VAR U U AR TRRE R & T
bDH, F 2.3 1VICHELIZKILOICERY A b, £ 2.3-2 IZPHAE L2 FHLOLHEY X FERT,

BRICIZHDOWTIE, 2013 0 7TEHLER 7 Z 0 R VR T 7 A8 LN 2016 4ED 8 [HIILER 7
URNURT Y LRI T T OB L RRENTEY | HENROKET %2 HDTHD
F7-, a-T~a-18 O CiklE, EITRETD 2.4 Feia ROWEIZ BT 2 s B A kwf@%®
BAZ DR 25 CGRINFAE 2 F20E L7 STk Ch 5, EIE TR 2 (R328, TERESRN 7 4
7 » R® Saanio & Riekkola Oy CAMgakdtds L Mg S HINEZH > 74T Roa
X v hath) OWMIERSTHERLIZbDOTH S,

— . T OWTIX, WEKEREE T COmAEF N D220 o723, Bk b N BRI E
RFERT CIRAIRAL 7 7 w7 S OIEAEE RSV . FICAH LPG ANk L9 ClagK o T
KIZXT 206 LEEA B TRPFER SN TW iz, ZH Ofi LFEF| %2 A A A LT,
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WL SN TV D A, HEKBREE CRIBEIZ 72 2 FHI NS STy,
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3) Wikab: AV =—TF IR DERFTDOENAR

ARICERTIE, IR 75 7 b ORVARER OE X 2 EMIMANEICE B L, NaCl o
ﬂ%mwtﬁmﬂﬁiﬁk&Km%%wt%émﬂﬁ®$%7w&ﬁw_owfémﬁ%%%m
L7TEMEN SN TS, BT OMERIZKIAZ T TR ST, IWROFEIE &L Oy T
DITOINTWD, FEBEEIIX 2.3- 2080 THD,

4 2.3-3 12 3,168 Iff#] (132 H) ICH 2 Zm i & DO EEZ R~ 3, KIENF CEMETH 503, NaCl
THIEE=) () 2 KCl THIREE= () L0BmENZ N Engnd, KfdoJhn Nat Xk
DIV EDREGIINERLS, ATV EALEZGEDLDIZHDRVWETRN & (KO LR EG D
FRVY) ZEDEL TWDLOTIERWNEEZZINTNWD, T7hbb, KCl W= HA,
TR IS A D FTREMER B D L S 2 D,

Fio, WTNOFr—2ALFmB L2 U WAL TEY ., A4 bRFEHLTWDICH 2
LT, BARKENAEISHEIML TWeWw, T72bB@EKENE RIS L TW e &S
HNTWD, sl aikiT 2L DL THD,

Water tanks under
~ air pressure

_ Sample cells
~ containing gels

_ Leach water
~ collzction

B 232 E45HERER (NaCl £/zIXKCl) THEELBRET T bDOEKKR

0,275
0,25 -

0,225 -

2
e

Volume (mifh)
=]
=
e

i |

=

0,125 -
01
0075 -

(1] 500 1000 1500 2000 2500 3000 3500
Time (h)

E 2.3-3 BKHERICETLEKREDHT
(7% : NaCl CTHiEE., 7 : KCl THIEY)
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4) STk a-6 @ FIEOWRIE b > %L TOfi L.

ARICERTIL, BFEREE T 0 7 N 7L RESTRER 150 m OJE koL HATS2A O HI|RF
DFVITITIF TR N T 2—DEFZLVRESNTND, RTLHETIE, 77U MK EE
A2 FOHEME —YIFEIE LT, Bk A NERIER T FEFRH LTS (K 2.3-4),
WY AL FOEAITIE, BAERNBERTE AL PRV R MNERD, ZO/HER L o
A N ZED R 2> HEBRL - A > N EEREICEA L WS, it TR, &P07 70 k
HEAFLT 9,200 L/min/100 m & O K EFKAFER SN XEICBW T, BRI b o R HRH1%
(2 1.0 L/min/100 m & F TEJR STV D, FEIZ 99.99% b ORIKIC T L, F7=, URRAED X
IMEHERINoT DT ETHD, SER LI M RVORETZK 2.3-5 127,

Grouting Materials

% Microfine Cement
% Colloidal Silica

e & <
B Scolloidalsilica

PRE-EXCAVATION GROUTING (PEG)
FOR HATS2A IN HONG KONG

By:
Eivind Grgv, SINTEF

Knut Garshol, KGRE
Dag Brox, LNS

8th Nordic Grouting Symposium
Oslo, Norway, 26-27. September 2016

235 TRLE-FHEDBE > HRIL HATS2A DH%F
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5) Wika7: A HuadDFE2 M RMIBIT D EIFRR LY
T h e 2B AT KOEEIL, £ 2.3-3 1R TI@Y ., FEFIC CatDEH BN, AR
777 ME Ca2tZIEF RIS T D Z B 0> T\, +aREANRENHIVX, o T
FIGLTHHAMND T T T MMBRBWOIT T 5O THEAMIKER 2V, FEATRENNE LR
BHREEN O WIERITEATE 2N ERBEIN TV, LL, ZO7HOXRITONT
il STV R, FEALNIICIEREL S 70 NOTZ2 TN Lo TEXHEZAEHiUL, 1]
FEHHEALTHERITIEAKRTERWIL (BALY =27 T 54) BbholzeiasnvTnbd, £/o, K
AN HLEZ B L TN D72, b RVIENIZ 2 TOEALDEET D L 9 ATV D,
BARAYIZIX, BER X Y 0.6 m PWIIZEER & SEATICACE L, 1.9 m OB A2 8R4 5 = L Tk
mOIMA 1.3 m AR T HRETH D (K 2.3-6 /),

& 233 ArhODKkfTHR—1) T F (ONK-PH16) M oRERL F-#1 RKDA S

Parameter Concentration mg/l
TDS, total dissolved solids 13860
Calcium Ca 2100
Sodium, Na 3040
Chloride, Cl 8580
Kifsat E-W set 1,9 m in N-S set
as the vertical
\ X Y distande
U U > ’
% 4
7.3 A g A
\1 40° in

thickness of the
sealed zone

236 A HODTE2 FUFILOFERR (£) SLUWER (F) ITRTIT 57 FLOM
B

,15,
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6) ka9 : Ao hulcBi AR

AT O TR L VAL 7 Z 0 b O T HEICOWTEE LS HE ST d, Chamers
University of Technology (A7 =—7 ) OFEABGRICHESE, WIRAE 77 U N OIREIEHEC X
HEFFBLXOEAERE (X 2.3-7T 1T 70 —F ¥ — hTEH) ORERREIN TS, HH
M Meyco MP320 (77 /L% A A : 55min) ., {EAJE 9.0-9.5 MPa, 1EARF# 44 min (F V% A A
D 4/5), BT REHKNBH20 pm, Ny I —FEES 0.5~1.5m, LERZEHHE: 3.9m (20
ymBE) TEIHIN TV,

PT= Pumptime at pressure

Boreholes with inflows from 0.01 |/min to 2 |/min GT= Geltime
P=Total pressure

First 5 minutes of grouting

GT 55 min, PT=44
min, P=90 Bar . Continue with base design

!

' = Determined
@l base design
Pressure reached New design: GT 80 min,

<5 min? e & Pump time= 65 min. P= 75
bar

During grouting

Lower P and GT; 65 bar,

( \ A :
Large grouttake= A GT=35, PT=26 min.
can't keep
pressure nor
time .-

N
.
rd

N

'
¥ \
Still large Lower pressure and increase

grouttake g pumptime, P=55 bar, GT=35, ==
;: pump time=33 min. \E'
B 237 JA—Fvy— kLB T57 FEEDH
EREHEAEDRIZERFOTIEAEOFHED AT I U THETOEARRCE AR E 2 BELEET 5
Eo7n—Thsd, tBRDTF U MRBHRNN—ATHD,)

HEAZEE L LT, HEALNOEREKE 77 0 BT 5 3% o — AR TGl dkE 2
AL, ZURMRRZTNE T O/ENTE LN, bR AWENIZIZ T EAFLE 3R IT 72 K TIER
WENDTEARBDHY . Ny —%HN L2 EICHAL) =7 T2 H DR WA 77 7 h O T
(T Ak) OFRFEINED TR L 7r o 72,

ZDEHNT, NXa— AR TN REANTHERE L7228, UM TIXEWEEREL MRB L TR
59, W PICEAILZ BRI - XM T, BEEE THRIK3m ORBHEHEALELBEI N, T0
RBEHESRT D ENRHETH -T2, £72. 10 um L FOBEOK B L R#ETH - 7= LRl
T2, BILY =7 OEBIIARHTH D, BILY —7 LWL H DD T, §i LORMEEIGR
eI Tn5D,
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7) Sk a-8~11: AL I rONHRT 7 B ABUEICRIT DS T vF T

FrohaTiE, TE MRV TH LN AREEEOERDO—>L LT, HABRKEOM T KkEE
ZTee 2T, BHOZNLIZEWIS LV Z A LAOKREEN, A FfLIZEWS L2 A LD EE
HEAL L, KOS ORBEPERRT D727 7 7F 7 HiD [Fresh Water Injection (74
KIEN  BROKIF LS | OFEEBFE Lz, [Water Injection] D ERARIT Figo@y ¢
H5,
- A : 80~90 bar
- TEARERE] : Water Injection #& 714206 77 U NBAEE T2 b THEHERERILL L |

ZOFEDAY y FE LT, BRI ho (UETon) B2 < TR, Al
NOBWHRNTEY (7L A) ZTORETEX D7D, ENIOEFICEWVIREELHEE L
HZELTWD, £/, 777 MEARNIELREZEAL THEALOKKE T 5 FIENER I N,
INETORF =AMLV KERNED FA T, BEICEALRZ TR ZRWERELT
LEIDOTHD, ZOREK., ABEAN~OEEOFEARDOHIENRS Tholo I TW5D, Z
L, AN Z T 7 F TS5 &, AMICHKEN TR 1220, EORENSEENEE
STENERETE LD EDZ L ThHD,

BT, 77U bOFEEL LT, BAKTHRICS HE Ay b —%2 % - AL, 51T 24 KR
BRIy =T ol LHEEZEB LIt ThHD, Zckv, BILY —27 B3 4E
B, EFICRTIA R oMU ER 72D L TH B,

8) Hka7~18: 7 4T v RIZBITAEEM 7 Z 7 FDEAFIZHOWT

74Ty NI D EHITE. ENREBR, EAERR EIZOWTOIRTH D GEMIT 8k
2), TITELOETEHOIFEA LT, A A aIcBE LT POSIVA IZ LY EfiSh=bDTh
Do AL, fBk7 4T FOMBERG SO —EERDLTETHD, £, 74T K
Db~ AT FEOT Y2/ N LT, AV x=—F @ Nygard tunnel Z/r L7223, Z
ZTIE, W T T T FOEBEBRENT &, MBEERENEWI & WK T T SOT-HDIE
AR IRNZ LR E D BRI - FAMTII RV LR STV D,

FrdmlE, 2004 IR A BHIA L TN D, BEERBHAARTIC 2RI, U OKAZORE T & Sk
SOBKPFEAET D2 L SHITEIUTHE D WREOHKEREOM IR (lkaK) BEFTLZE
L&, PR A~DEAKESIET D FkE L TaB I I uF o I BRRESNTZ, D7, 4+
YA a TIE FRLOME Y FEFITHE LWV FFREKEDRE ST D,

NHL1IARBTZY 5 L/min

‘Y13 100 m 729 :  1~2 L/min

ZOXHT, A ha TIEFFRERKENIEFITH LW 2D, 100 pm KD /hSWEERAE 7
SUFLUTTHIEREBEOMERERY ., B AL N T T R BENTEBIERED O IRIK
770 eI 5L 91207, £, BMIL 2, REm. A ORBIm A, L
DBSENS, 797 MEELTIE MEpH AL M) BRO AR50 8 O _FENRS
BOWFE R E SNTNWD Z LN,

IHOLORBRCTHEASN TE WY 7 7 FoRE4 1T, K&olix Eka Gel EXP36 TH Y |
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RIZ Meyco MP320 T& v BifEIZ BASF #1:12 X » TH 572 41TV 5 MasterRoc MP320 Th 5.,

WM 720 N avaA RBNBIEEROIUE IS5 2 2B LIS TCnD, 7720, WK
7T 0 FORMZEMRITELEHARE TIT R, YV IBRRMCOIZVEN T 582 BE+ 5 2
LiFTEhntanTng, 72, EBS VAT AT SN DRV A MEEMIZ, 20 K
DOEEN MBI TH D EE 2 bND T, X A W7 Z 0 N OMEIERIT AR L&
INTNWD, auA REHED LU TOBRNEEREOBITICE L Tix, b FREICK T a4 R
ZEMR LOBEMEIKF T 2O TIER 0N E SN TWD, £o, T v TIEHHEK ERKDH
MIOERE T OHKERE TOM T ARBSHT DI N o TWNDHRNT, WKM7 77 Mk
DavA FEEFFBEIZR BR0NE S TWDR, KIFTOFMKIZZ T A EEZZET HLERD
HEINTWD,

T4, POSIVA (2 X VAL 77 0 M OFEANERNZ TEKEAN (Grouging with fresh water
before colloidal silica grouting) | % FJii 3 2 FIENFEIEI N TN D, HWKIEAD BT, BERE
777 NOEKMTKR~OEEZY L L, 777 hOT b (T4 L) ZTPRIAREICT 5 2
EThHhDH, FRBERND, WAKENIERE 770 M KREICHET 22 E&2T 50 E L b,
EARIHENCN R Z L OIEFICHLRFELE SR TWD,

BRTOMIFETIL, o FaZ az v, HAKEREOH TR (NLHUTRAK) Thi/zz L7z%a &K
HEAKTH LTSI 7 Z 0 N 2RESEHERDERSNL WD, ZOWEIE, 42 h
BDOTE b AN 2B TREA 7 7 7 b OEFERER CTRAE LCME (Fv2 A4 527 /WbD
RHEENE) 2T 522 HE LTS, FEAREOY Y Ra T A0BEICX 0 WREL T Z
7 ENTHUFAKREIZITAKERPMRS D G ORI L 72 oTc, bbb, NEARITRAENIZ
BN EAEL, FKNRZ T T MCEESHRDL 72D, 770 M EHTKOREENEE 20 L
IR EBRET HHDThH o7,

WAL 7 0 N OFEANTEEIEADOSBH CTIXELH LWTIETH D0, B EBESEY O F &L
IR ICB W CIHEAKREIET D DICIERICEWEERETHL Z EDEH SN TWSH EE A5, &
SIZ, K pH BA U NEWIE T 0 Ve T VT T 0T T THRAG DY D TIEN, BRI
KO LTWDHEITHD, L2l WKM7 T NOEIKERE FICkT 2 RHZ2MEE 0%
BIZ OV TISERICITMEHA SN TRV, ILRIFROLERD D L STV D,

T4 Ty RIZBITLERORER RN OEETREFHE LT, 2L M & REEDHE SR
BROBENNRH DL, Tobb, 7427 FEHRDRBFERA TSI & KRB DE
W KD HEFRERRIC 1T D FAKEREEII R E ED FIREMEN D Z LI BT OMNEN D DH L F
2%,
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(2) BXIZTDWT
A L7 DO SCERO T2 6 WK T COWK 7 70 M2+ 2 ETER - BET A
EHERIZOWVWTLLINITHNET D,

1) SCHEk b-1~6 : A% LPG £ AR T BT IR 7 5 v 0w Iz >\ T
i) YWIRAL 7 7w NN A S - EaE

A LPG AT TH Tkt A v MEHIMZ TR 7 7 0 N2 W=7 L
TIF U ITBIWRA N TUF U IRERINTND, KRG ER->T-D1EK 2.3-8 1R
T LI, BEAV NI U MTEDBEKRELBNREDmMD THEN~ A 7 17 T 7 F v 3ERR (U
T, mf BEHLEHT) THDH, LUNE mf FHEBICx LERTHIEE E LTWen, vty
Tk LIEAEDN NS S EENEE RO, mf BERICK LT 2 fLEE (mN2Z 77 h)
LD LT mfBEHL 7T U MLOBEMEREEZKE L, ZRIREZEHD TS,

gy |_PEEE | mREL
mf FEEER s thﬁ’\)b i
s_ » Fl : l ’ ’ B
%~ | | o S
TEEL o

2.3-8 BELPG EBRETHEERICEITIRE—O mf REMADBRET 5V FLOEEH ¥

i) =R K OB

WiRA 770 I, BUGO THEHAK - HTKOKE - KR, ELEFOKEREICL>T, &7
WA LDOEAERBHEKIZ L S A (K 2.3-9) 72, WENEET DB sni, 2
DI=h, T DMz S ET-ERNRRF L OEGHBRAMThh T\ o,

239 EHLPGEBITEERIFICHITIIMIFEKICK 288

B TOMEEHABRFIEL LT £ 2340 ) BNBEINL TS, $7-. BIETIE,
RO BEEEZET 2 L) ICHERAEEZRET D & & LICEE LTME OMRIZE DTV D,
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& 234 BHLPGCEBIFEERRIFICETIRREI SV FOREEEHR

B4, ERUEH e

= ’zj;f'l//;’f N ggur—'I\E«u._ i3D N

AR PR oAL | BUERRR0S
pH (RETE# 60 f4GE1H%) | 6.0£1.0

TR | LR & B S IR B Lk

S0% ABEERT | vy A L (pH b#IE) A B - b

SHHEAKIZ 7 7 7 M E b < D L IERAL.
#2075 v MEHAREE 505 S0%ITH 2T 5 MR A & BT 2

iii) FEARE S OWRE

PR HNC R 2. BUBRIE T A1TWIRIRAL 77 7 MO BIRZMRT 5 L L bz, RYIZEN
R BR 21TV DN S ES SN AR A 2 # 2.3-5 1R T, BET X AT, pH6 FRED R
~BER OB ICHE I TWASZ ETh D, WK 77 7 AL pHI-10 557 V7 U o
72, sRERMED pH HEAINTRMEN TV D EEZ B,

& 235 BELPGC ERITEERIFICETIBRRET SV FOERES

GAE | | VU | BEH | THAA
1500 | P (kg) (k) (ke)

1 120 58 968 9.875 16.25

2 120 6.5 968 593 94

HEP CHU T AR KEOEZEN DR WVES 2ICEE LT,

Flo, WER 7T 0 MIERET T U O IR A OB EE R DN T L,
R E MR, REIMEFRZENERR, RO KDRMEGERBRPE RS LTS, BT
IZENENOBE AR T,

iv) R 2 e R

BB T ) —F ¢ U7 KICTHRES NV ERE L, —8EFRBRICE D SES VO R %
2 EMEORERREBRZ SN TWD, T/AEX, £ 2.83-6 [T L9, FEHERE 20 CL., B
FERFFE3NZ R\ TE A SRR AR FE 55 CD 2 & TIT> T\ 5,

AEFE R AN 2.3-10 17T, (EEREOYA OB R L B BUL, R4 L OYEtEE L oR
Bk RO LLle s BB U7 ARMERS R (f A4 2 ZHK 40 15, BLHIEK 90 ff5) & Bk ic 3 Uiz
LOTh D, —HIEMREIL, A 4 MK TEMBE K TEA LR O B/NES 0D,
BUHIE K DA 288V T h 50 4RAH Y O Z AWM 3o U C— Bl EAE R 13N Lt i) T\ D,
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® 236 BHLPCEBRITEERIFICETIRRET SV FORANFHTEMSBRESL 32

R4

ek
—

¥

200ml OFE LK H I
UK ¢ 100 XHS50 Zieiit | IS THRAE

55 CoOfHIR=E

10,000

> 1,000
=
#
4H
e 100
B
H
&=
[ 10

[ [ I
oI-N aS-N oI-H GS-H‘
- ULl ___8:8 L LY a_ _E ‘E
Al e
gl |4 SOFES
] 10 100 1,000 10,000 100,000
EEB#

2310 BHLPGC ABREBERTIEICHEITHRRET SV FORMANZHRENARER 2

v) RHULFRYZ2 E MR

REAERFSE 103D 4 28 |2 BIHWEKIZ TERA LIERETS VN D U T & ORI 2 2 1 E
THZLIZEY, RESNVORIULELZEN MR L TWD, RBRE LTI, LT o 2 %
FEhi L TWD (R 2.37), R 1 (BAKOEMREZITORWVEM) T, BAEKTORY Y VRE,

ARIRIES U HIBENHEIN L 722 & 2RI D,

B 2 (BAKZ IR UEHT 554F) . &E

KDL Y APREE, RS Y DR ORS00 2 & 281 5,

+® 237 BHLPCEBRITEERIFICETIBERET 57V FORALFHRTERSRBREAL %2

AR 1

Al 2

6L OFA AP
& 50X H50 % 6 {RFHE

(BRI

IL oA Kt (A
40ml % 1 (KEprE
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AR 1 OFERZH 2.3-11 1277, #BR 1 TIEBEKDERZITODRVWTETHT2, 22V
TRENZE LTREBICH D E W Sz io, —EREx 2FE i L-, &2, AR 2 ofR%
X 2.3-12 12779, X 2.3-11 L0, BB 1 TlIes U b, WM Y ZEE L HITHEML T
WZ ENDID, WITK 2.3-12 1R TR 2 TIEET U I, BWMIES Y b & HICERERE (K
DOIRFEFESY DOAEL) BEML TWRWZ ER 005, Lo T, WIRM 7 T 7 b o{bikixt
FINCEELTWDL LD EE 2D, T, BEKDENNIOWTIE, A AUk X v b3S
KROTGRELY I, ERES Y BRE L IR SINZ £ D BEOBIHE KL ZEMIC
BB 220D EEZHND,

EEKPOLYY HEE
(mg/L)

0 100 200 300 400
B IS

B 2.3-11 BHLPCERITEERTIZICSTIRALENTEEHR HER1) HR 2

: [ ——IN (£ A) i

2 ¥ o IN GRS U 5) s

25 aan i) =g

23 100 || —=—S-N (FfRELUH) AD

o E LkEER | | kEx o E

e & 8 R

£ ®; 50 A : B & &

] V 7 * 3

4 e 4

e 0 o i C 4 :

200 300 400 500 0 100 200 300 400 500
BeBH FeaH

X 2.3-12 B LPGEERMICHITI2REALEMTESSE I8 2) #R 2

vi) FH IR K% e iR

BELEDSELIAFZE T, KA SREKAR. 50 ORFEAE FIZBWTH v RALOFHEKMED M
LRNZ EZREL TS ), LinL, BRI T 2R 7 7 0 FORMEEKECET 5
MEHIEHE S =iy, 22 C, FE TN 70 MoV Bshiz a7 ey s
ZRIL CRBAERT vy 7 I CHERERSEMMICARICHER LRV EZ R T 2 72O R HIEKS)
R BR 2 B L TV 5, REBRIEE A 2.3-13 1277, B EREEZ X 2.3-14 [ TRT, 2 FREH
OFBIRIZTHEML, WT L 1,400 HEOREMICHERBEKROEMMA N2 &3 RSN
77
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I7E #HEHF
s
; s —EF
Ea—lLwvhk
n M t’/
— Bk
H H E=IF
a
(EAK#)
| .
| z
| i =
E
S
(Rung —
(a) EREEMICB K AR EBE T 5HHUBRERN (b) —EOEKEERET HitrEil

X 2.3-13 2HLPC ERITHERIZICE THIRYIKREZHBRDEE 3

10+
= T \ \
10°% 7;{'&{*1 —O— ®i)k@E: 10 _|
5 — A WKEE: 20
s O EKGE: 30
T ISk BREE _
& 10 ~ )
e 107 - BR0-O~0-g--0 -0 =
21W%E@AHH%@%QE%%?QQ s
Rl |
100 |
10 | | \ \ \ |
Ll | | \ \ \ \
7%@%@2
B e PR P ] .
B 10s |- |
= DR KR BEE
) . E A: A ]
= 107~V EnEae
% 10 Hg |
B 100 =
H B : o :E;t QQQ H_ |'j— o e % T
1070 o Bacaaisccat ettt
10 | | | | | |
0 200 400 600 800 1000 1200 1400

#E#e% (8
M 2.3-14 B LPC ERITHEERIFICH THIRMIEKREZHBROKER 3

2) SCHK b-8 : BRRBIEHBIIZEFTIC R T A RIEMR 7 Z v b @Az oW T

B EE R AT 2 AT CIIREE 500 m DAFFE T 7 B AFMPLEICB W TRIEAEL 7 7 7 N & V=R
ANTTOF U TREMENT VD, BRI, MAREMS TICBRS 3G TIEAR WA, FFET & ms
LT, HIFLERIZfE4Y 130 Limin & OIEFICKEOFEANEAELEZANH Y . —EOEATIEKIE
TEPTIZ 2 BIOFEAZEBLIZ OO, WRA T Z7 T NOFEADHRT, T 7 0.06 L/min
(99.99%) F TIXFRERBICRTIANIRDLIETEBTEZZLTHS (K 2.3-15),

¥, BEOFIENIRGNEFRBICADER CTh oo/, EERBHIT Ny 1 —%2 0T
TFEFICLT 1 EMAM EOEEADERSNTND, ALBROF > e O CREA 77 7 M3
ERFEINREWENREE LW ERLEINTNDZ Enn, BRDOEWE 7 7 7 MZBWTHZEDAEE
PEEZR L TV e B X B, +o B ARSI ME TICEN L REER S L L EX BN D,
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MIZLE# : 130L/min W Z:xAZT#% : 0.06L/min

2.3-15 ERRDZEE 500m [2FHLVT 130L/min OFEKMNFEE L 1=FE AL D KKK 39

3) kb9 : THAZ 7 U PARRIEATIE

AR, BBREOWHER 7 70 b (G Y hanA F) BIEEZBRRE LIEERHE LT
XERTH D, K, HEARKMETICEHLTE X, AESATEAREREW (2 F7L) OmRE
THLIB IETY Y I anf FEH O 2BRETEAL THMENEML TRV (X 2.3-16) . i
KRB L THBERMENMET LN EN0hoTWnD, bbb, #BAKIZD LM

DAEIR BN E DRI S D,

gu.{MN/m?)

50
2BAKGED
(B)EMVHaOAF
2.3-16 B AtFMIRETELE LE-EHZHENOMRE 39
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2.3.3 XHFAEKREDELD
BTN L % A A N HKEREESCHE KRS T o8 O TR 77 o SO BN OFfA % 52
i U7z LRI EREREVZHT 5,

(B DFI RO F & o]

R KIerlZka &, W 777 "X 0L LizanA Z U DIEEIE, IR 7
THI LR, WARKHIZE D NMEOEEZ KB TEH2 ERnE265, (alller
197919)

T AR HRL TiX, BAV N0 NEWRL 7 70 Vet LISV I oF 0 7 O%EE
FERICOWTHN OGN TWD Y, HAKESE CRIBEIC 22 FH0NHE STy, (a3,
Funehag % 201119)

BRATARE LT, AU =—7 Ul et D5 A 4 OffifH (Kr£721X Na*) IZ&EHL
T AR BR 23 FEhE S TR Y . KA OGN XL VB /e R T/ LR TE B AlREMEN & 2 A1 7L
BoENTWD, o, VUL A BNEBLTH 130 HRRE £ TlIdKMEICEEn an 2
EERALMIL, Sl ERBRAE kG CH D, (a5, Soegaard © 201620)

BWOWRE N XNV TIE I/ NVT = —DEENERN 7 T 0 N R A &2 LT
99.99% D E K BARIIZ A Th L 7=, (9, 200 L/min/ 100 m & KE{E/KXH=1.0 L/min/100 m)
(a-6, Grov & 2016 2V)

2 h v ORYEE TIIIEFIC CaREWHIT /K TH D, WAL T 7 MY Caztil A4
FOGT HHEBFLNTND, +FoREARENSSHIUE, B CIELTHLHRANL T T Y
MARIBWT TL DO THEAMIKZEN 2D, FEAREN/NS RBHEEEDS O VN E
WRHENBEATE 2N EPMBEEEIN T, (a7, Hollmen 5 2013¢)

FraTiE, hFROVEIENICE T EALZR T X E TIIREN AR H D, No
—ZHN LT EXICHAY =27 354 L LW d D ZORMEEENFEHE SN, (a8,
Posiva 2013 22)

BT OMIETIE, o Fagazfn, HEARFOY Y Ra 7 2088y W7 7Y
b e NTHUFKE T IIKEKRPIES D G ORI L 7o o7-, ZHUE, 777 hEHITTK
DRENEE 2] EWIHIRHEEET S LD TH -7, (a-18, Lehtonen 2015 3V)
ZIT, A hu TR, KK TOMERE LT, KOS DOEEEPERT D017
Z0F 7D [Fresh Water Injection (/KA : B OKIFLIESE) | OTFIENBR I,
SHICBRHDOZNLIZEW TV E A DOIRITEEAN, XA FfLEEWTI VX A4 AOEEFEAN
ZEBL, ZOFERANTHoTZEENT WD, (a-11, Hatakka & 2013 10)

[Water Injection | @ F7oftARIZ, EALE : 80~90 bar, EAKffH : Water Injection #& T %
N7 70 NG E T D 2 HERRHILL EChH D, WK T 7 0 b0 7T T Ml T O
IBZBI<ET TR, BENOBMNENE TORETE 570, EIOIEFITEH W
BHEEZHETEZE LTS, (a9, Hollmen 5 20132%) (a-11, Hatakka 5 2013 10)
FEARNCZEREEA L THEALOKEE 2T 2 FIEDHEBEINLTCWD, AR T T T
ans L, ABICHREN TN, EORENLRBMMBESTENMERTE2Z2E10L
HFHEDZ L THD, (a-7, Hollmen 5 20136) (a-11, Hatakka 5 2013 10))

770 MLOEAL LT, AR TRIC3 ANy I —Z28FMH - AL, 512 24 FFHEIC
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Ry =T nWIfE LhHEEZER LI-ZEDZETHD, Zhicky, ALY —27 28334k
B, EFICRTA 2 hopictt bR o2 & ThD, (a-11, Hatakka & 2013 10))

[FxDmADE & D]

FICAH LPG SRR THD /7 T v F o 7 TH (mf FEH) 1280 CTIREE - WAL
PRI A FERBRNE SN TWD, B0 THEHK - HFKOAKE - KR, e T35
DRI LI L - T, FAZA AOBLRBMEKIC L D B &, WENET 5 ATRENE
PRSI, TN O EZ 2L S HT-ENEABRE X OB REER M T Tnb, (b1, fE
K5 201313) (b-2, FEEED 201332) (b-3, 45 20133%) (b-4, PTN D 20133¢) (b-5,
fER 5 2013 35) (b6, /KD 2014 36))

FEARBLA IR, BMEAKIC L D AE L, pHE FE O P~ DR A L 72> TNDH Z &
Thbd, W7 Z 7 AT pHI-10 DT T A VD78, sEEEtED pH FHEEAI AN 7N
EnNTWiEEZLND, (b1, fIEKD 2013 19)

Al LPG AT ES THEOBGAE 2B E LI REAL 7 7 7 N ORILEVEMERRER O
RS BRI REEICOWTIEIBME KO b & CREMM (REEAIC XY 50 1)
RETNEENEET 2 2 &, BRYHL PR EMEIZ DWW TIEEIMEKO S & T ([F 50 4f#)
U OVEBDMERE L7222 L BRI LT\ D, (b2, ERED 2013 32)

I BT, JRALE TR BR T a v 7 2 W CTENE LK R aERR R % 52 L 7248
B1,400 HEEKBEIIAZITHR L TWRNWZ LD 4R WRBIET v v 7 D1EKE)
ERfERTEZEEZLND, (b3, FADH 2013 39)

IR R HE A ZERT CTlE, 130 L/min & O KREDOEKRDFEAE LIZAR A N7 7 7 MEALITKE
LT, W7 70 FOFEADOHT, $79220.06 Limin (99.99%) . 1FF5E2EIC KT A 1272
HETIEWTE 72, BN EFRKIRICALZZE8H 0, 1 HEM EOEAZEm T2 &
HLdH V. AROEWIERI T 5 7 MTBWT S A v a AT B MRS A S e 21k K F 57
D AREPEAVRIZ Sz, (b-8, /KD 2015 37)

REZIVTIE L EFERD (2 RFV) OMATIE, EEv U hanS Rixdb b 58ET
FAELTHMENENT 2EMICH Y, WEARTEEICK L THMEFRMENMET LN &35
Mo TND, Thbb, BRESTIVTOWKEE F TOREICOWTIIARHATH S, (b9, K
B 5 2016 39)
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24 RFHMROINE
241 59 80— 3y THE
(1) B&

WKEBREE TIZB T 2R 7 7 0 MIBET 2B RONED 2D, 7 47 FD Saanio &
Rieikkola Oy CE#EEGFrE KOMIBLGENZR > 74 T Foaryd v btk LUF
S&ROy) 27 haRY AV —FT &7 4T ROWTEEICED 5 Bl & D3
TN —r v a TR (T4 T R) T217T41 A 26 HICBIE LT,

BAEAERIX 2.4-112, BINA L 3— XL FITR T,

o 71427 F:POSIVA (14). S&R Oy (24). B+Tech (14).
ROCKPLAN (1 4)

e A x—7 1 : Chalmers University of Technology (1 %)

o HAR s AR IR AR (2 44) . TE/KERR (B3 44)

Fo, V=2 vay i TEEOBB, T&Ho7 7o M), MEKERET oM B8
W T4 2T yvrar) O 45 TR LT,
T—7 3 a v TOEMAY Y 2—/LB LOREEEHT. BROME 1177,
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(2) 7—9 2 avITHELNEHMR
SEOU =7 v gy TTHROAZHMASLHEMEICL D2 ERI AR « 7 R, ZZTHO0NTHIRD
T 5,

B Sanna Mustonen (POSIVA) : 7 ¢ > J v REHE¥EHE
o POSIVA |[ZERFFAHFEN T HEERNG, WIWIASIGO#EREEICASTZ, 2Dk
D, WFEERS ARG N T D,
o L. ALAKD ERHAZISZ R END| Tsk BIEOHEAKEDRE L EO BN TND (]
ZIENYUL 1 ASHT2Y 1.6 L/min), 77U F 2 ZIINTHETH D,
o U0 MNIZDLFHINEETHY, K pH NEE L, AMEEL 7 7 U MIEHZ
EENITEE L IR D20,
o DEDZEND, @mAKETOLGHHERLLS FLEIDIZIB W CEK RO, R Z
7 MIVADOHEITH 5,
o RANITTUFUITTIFR, TVITUF T Af 0 Z =0y FeLTND,
o HMENITIEALEZIR L TR SR W2, bRV NIIEAFLEZ RIS 5 8t Th 5,
o WD DIEATKE LD B2V GEIL, AR - WiEH O Ll s k325,

M Lassi Hattaka (ROCKPLAN) : 7 4 > RO a P b

o YU RHTATHAKEYAKRE T LT ERIRICEE 7 Z 0 M REAT D & KO I3%
FCEAR - TEAMRBEA G 2 722 < R 2 DI L KIZET TILE D Z L R BiE &kt 7=,

o Ny 7T AMILYBHBAKOH FAKITHEKM 7 Z 0 FaESE, —BRICLTT kLT,

o DD, TOVSTEHITKERIETY 70 FMEEET H7-DIC Water Injection (7K7EN)
R LTz, RS, BEPREIVGEIIMOBANGEE > TWRWT T T MA[EY AT
EEZONDO TR, BN/ NS WE XITIZEFEE Y 2 Z 972D Water Injection
%Ik L7,

e FJHE L TiX, Water Injection Z1T\, {EALNEZ T ICEIZLTB T T UF 7 &Mk
L7, ZOHFRITKY, Ao uDREETHFIZ N T A 72 b RABENTRRE LTz,

BJohan Funehag (Chalmers) : AV =—F L O KZLOWESRE, W7 T 7 bOFE— NE

e Lassi k™ Water Injection % :9it & 2 %R ICx L CRBE R AR~ 7, BEime - 5B T
72 < i TIRFICEEBR 22 5 BRI 28 38 248 U Tl LIP3 R < 722 0 | RS RAVICHE T& 23 K+ %
7 B (RZ U F— Rsd) T8 _&TRARVWED I ETH 5.

o E/KEREE FCIWRIEIL T Z 7 P ZEATHONE SO (BARHNIRE IR E &I
ENTETHEBELZIT D)) ZRHFN ETERICIHIET 22 ENEETH D, wELS
FnoThiuE, bxodl (AE) NTEELTH, ZOFEVEZRVWALY—RTr I ¥
FNRET D72, 77T MOJRPSVIZEENRZ2WET, &0 ) OB TH D,

o A LPG FHEATH AR TH CRE SN L 57 pH #3087 5 ik (pH ZEBMEMICHHE)
MAZ— P THREHIEEEZGEZRVOTRWEEZZ bD,

o ENEBRTHRMO T, RHEFNMEE T TR R EZ T HMLERNH D,
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242 FrhoOnRE

POSVIA tFHEjlcar # 7 2D . F o a0 OSTEEIZBW TR 75 %7 FOFEANE
EN=TE 2 Frxn (K 24-328) LiRFEO7 7 v AYOEEZRET 23 EZ T TALF
VA NEFM Lz, LovL, BB A > A a LN CTHBD A Lz 72 DI ATIRFFAl S /e
nolz, POSIVADE X —t o % — (X 2.4-2) THRHZFHH L T< #1172 Sanna Mustonen
WZEDEBHDOTE 2 N RMIERI 7 7 7 M ERWTHZITHEAB I S Tnbd o &
Th D,

FE 2 hL R

K 2.4-3 ONKALO $5MEAEMEZRS LUTE2 bR
(Hollmen & 20136 | —&FhN4E)

FONPY | [FAEOEMENS D VLI (UK L~V B PEBEIEM L) 78 5 DN Z DAL
B S TnWb A In Vb —F XY 7V —% AP 52 LR TE 2, BEIETE 2 hox
NEIFIERIZFEOHE L L B2, FFROEBE EEIOILEIZR>TWNWDHEDZ ETHDH, BEET
W2, YEX Y 7V —0FE (¥ 2.44) 27T, ok, ZOEGETEBEFRLNTITIZEALE ST
7 ENEINTEOT, RIZBIZHERICNIAREBR TH-T-,
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728, POSIVA OFR—LX—=UNHHIHLIEEBROTE 2 2V OfkF277 (X 2.4-5,
2.46), WINL 77T MREINTZERBZRNL BWIEFEIT R T A RN E B2 > T
b, Flo. 770 MEABKABIZ/2 5 Z & &R ToDIZHuERim I E AL A Bl @ Z T
oo 2O, MEIEOR T OFEEIZBWT, BELZBEANEYLTELRWT ED850 5,

245 TE2 FURILDHEFED 1 (POSIVA k—LR— Image gallery & Y #k#y) 40
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246 TE2 FURILDHEFFD 2 (POSIVA h—LR— Image gallery & U ##%) 41
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243 RFAEDF LD
LR DB A T b AT o i L& LU RIS+ 2,

(V—23av7]

POSIVA O A /VF /LA SO TIE, ALAKD EFEZH S & 80D, sk 2R DK
BECTEHMMOFHIRL, JuE Z EIZIEFITH LW ITFREKENED IV TW 5,

MDA pH ZREREEAMERF L, AWM EZIR ST BKE T OLSHHECLS FLEDIZ 3BT
HEKRELRBT 2MNERDLH T, WK T T 7 MIVNERAREEMEICH S,
TIIFTNET VT T TF 7T R RVWENITIEALEZRR T 5 5 TH D,

W N2 D DEATIIK TERNGAIL, BA - WiEw O L6 1IEKT 258 Th 5,
T4 Ty RO 3 YR E U RBRORE R B IE, MIKEREE T CIXSIRRL 7 7 v ~ DR
BHEEENTRITH L, —BRZ L CTH b T D ARt & 572 %, Fresh Water Injection (77K
HEA) ZELRRRE L THEBLTWD,

Water injection IZ, UM AOMEERFEANTEZE LTH, BEHNARHRFHIESNTES
. M LREME A TEHETRVWEZ A Y = —7 O Funehag JeENBE L TV 5,
WEKEREE F WAL 72 7 b aEHAT 5008 E 9 MR (BARMIZIREREED &I
ENETHBEEZ T 50 &, BIENVRA &2 AW TERMICE L CRFHCT — KRy
JTHZENERTHD,

F7o. BRTHBE SN TS FiE (pH ZHMNZHEE) N A~— F THREHIFEEL 5 2 720
DTRWHIEEZEZBNLD,

ENEBR TR T, RHEFMEL T oA X KR LETH D,

(4> B e o]

PSRN BIERIO T TS X0 AP SN o=, REOEEN S5 VLI (HIK
VOV BRI AL 3 Y) 72 D ONCE DRI S TnWbd v in U h—FF ¥ J Y
—& R LT,
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25 FREOEE

BEFSCROMER SN T U T —7 v a v I THRLNEAND, S%OBWKRT 77 hO
BAFICHTZ0, £ 251 OLBVICHMYMHAROWNCGHREEZER L7, AR, Ay=z—FT 2, 7
4T REZNTNRENOIRE L R DR AV PO EE Tk, B RRGHTFIE, i Txt
RPEERESLSRGENTEEZOND, £ 2T, H/AKEE FCIXEEhNEMET, FRENRZ WL
INTNDZeh, —DOFEIKD DT, BEPUICIIFEORNREZTBIEL T, "7V >
NIZE 225X LORR AL T HDONLEE LN EB X HILD,

& 251 BREISVCOEEORY BHE L VIZEE

E 4 Y fA 2 PR

WK~ EFGE TR 2BE L DERRLEY =
pH FREEA 2 T2 iR~ 2V oy Z ISR RKOME 2 R8T, £ ORE%
H AR DIKEE T 26K (B G L, MR bR 5,

L P G D%E4H) WEKEREE T2 D i 7 THO G E FIEORENT
NLETHD,
CYEKSGMETICE Y 7T 0 NREIDNZT D AT E
FOMHBMLETH D,

AT EENERIC LD B AR L, HK

%f%+§ﬁﬁ*@fk° BT C O 75 9 - DR BIEHED HE % D
e B &R BUST B OREE LU,

- THKEREE T TR « et TIEOMEL) . TIAME
DR ] BDVETH D,
HNT T LYy TR EETITEADRRETH
b
i « HKEREE T CIL PREEEN A TR b A B
wkre g s | R T R St
7 47> K | Water Injection (E/KIFEN) S e
DRK - HLIK Tl Water injection %3 & LT L T
WD, L0 T TRIEOHEN ] DM ET
5,

AT o —T
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£ 26°112, BEiOELDERT, K TOM IXRLREFIERZ DI R, BAOBRTHERESN TV LRETRICE 26K, 72O MRS EERRETH D Z AL,

% 26-1 FAEHRDOEFLED

i KEOFEEREOE LD
o BN DT- b DIRIERTL 7 T 7 ST ENA CRFZERE « EiE - WA SN TR iaa £ Lo,
2.2 o VTHOEFITBWT Y, WAL T TOBEILD A =X LRLEDEBYMEOFMIARHTSH Y . BNl T HE S RIESL TH D, £i2. IR T 7 b OREEE~D BB KSMET
HB AL D12 OIRIET 75 2B DM E~D BB SOW IR DERIT A\,
O E o Ho T, ARIOEIRI Y T 7 FOWFFIZH D, ik UZBEEM RS E b & T, IFTAM R E A A VIH/KERECHK S TOY Y O TR 7 7 v FERioORE 236 L, A
By 20 ERZHDLEFZ D,
[ R oE L D]
o R KIleriZk?dl, aadf ) hiEkix, BIEANICHEST S Z LIk, HASFHFICE A X MMEOEBLEH TERZERNEZLND,
e TZRHRLTIZ, BAV NI FNEWIERI ST FEAEH LT LI T OF 0 ZOEfFEREICHOWTHN SN TS, H/KBRE THRICIER S T,
o EFHAMRL LT, AU x—F v IR ER OB A 4> OfEE (KrE7213 Na*) (ZEH LIEMAMERBRAE/R SN TRB Y, KT OGN L VBB RRE S VN TE DR 2MANE LN
TW5b, Fo, VI IR A UPEI L TH 130 BREEE TIRBAKMEICE(EN N 2L, Bl Bzt b 5,
o FHEDWEK N RN TIE I/ NV T 2 —DEZENERA T 70 b LRI A > M &G LT 99.99% D K BARIIZ RS L7, (9,200 L/min/100 m @ K E##E /KX [H#=1.0 L/min/100 m)
o Ul u ORGRETIZIEFIC Ca*BNEL VT K TH D, WKM7 T 0 M3 Ca2tZ BT IST DHAN G LN TNWD, TaRiEARERHIVUL, FTEAILSER 2V, EAREN /NS R
BN ROV NS WBRBEATERN EBRBEIN TV
o Frhu Tk, MrRVBIENIZTETEALZ R G XM TIERBENLHAND Y, R h—%s Lt EDBEIY —7 2 EXORMEEENSRER Sz,
o HOWIIETIX, Vo Fa T Az, HEARKOT L FaT A0BRICLY ., WERH 7T e ALHTKERIFKEKDBES D A IRUNBHEL 270, Zhid, (770 N EHTKORES
BEERV] EWIOIEBNETETDHLDOTH-oT,
o TIT, ArHuTiE, WKEMETOMKE LT, MTTFKOHESOEEBEEZPRT H7-DIC7 T UF L 7HiD [Fresh Water Injection (/KA : BEOKIF LLEHE) | OFENEFE I, &5I1C
BADOZNLITE NIV Z A LAORIETEA, A FRILIFEWFLEZ A LOFBEFAZE L., ZOFERNETHoT2LENTWVW5D,
o FrhuTiE, WIKSUETOMEL LT, #HTFADESDEELHERT 570127 F 7F 2 ZEi0 [Water Injection (GEAKIEA : DKL) | OFEZRAE L. S S5ICAEDZWILIE
BT IVE A LORIEEAN, ZA FRIUIEWT AT A LAOEEFEAZEE L, ZOFERFHTHo7- L LTW5, [Water Injection] @ F7eftAki%, AL : 80~90 bar, 1 AKFH : Water
Injection f& TH 15 7T 0 MR E TITH0 B MR ETH D, WK 70 b7 7 0 MMl COBLEE <720 Tl BENOBIIRNTED %2 TORETE D120, BEEIOEE
2.9 ICEWRBHE AR CTE /2 LTS,
BE 770k 0D 2 A o FARNIZEREZTEAL THEALOKE 2T 2 TENREEIN, EORENLEGENBEESTENBIRETEA2EALTELDODZ L TH S,
o T NILOFEAL LT, HAKRTRIZS HRE Sy h—%%E - FBAL, S5 24 FRICRy I—%204T LW E L HEEER LD L THD, ZHTEY, BILY — 27 BFAET,
FEFIZRIA R N RN ER ST LD L TH B,
[HiscomBonE & o]
o LIZAH LPG EMBIFMEZR D7 T v F 7 TH (mf BER) B THRER - AKSE TICETA2E5ERBRNE/MIN TS, BFO THAK - FKRONKE - KR, §ETHFTORE R E
IZ&oT, FNZ A LAOBERLBHBEAKIZ L2 AR L, MENET DA HEENBRE I, TR0 0502 (LS E7-ENREE X OHSGHRBER T T 5,
. %ﬁmgﬁ\ﬁﬂ@ﬁmiwaﬁbﬁw\mw&ﬁ@¢ﬁ~@ﬁ%@ﬁé&&ofw5:&T%éo@@@7??bﬁ%ﬁpMHO@%7wﬁUﬁ®tb\%%ﬁ@pH%%ﬂﬁ%Ménf
WhEEZLNS,
o AHMOBMLEMEER LIZEET Y 70 b OEMZEERRAROMENS, BN ZENIC OV TIEMEAD S & TEBR GEREREICL Y 50 £[) ST/IVBENEEST 5 Z &
EWMLZEEICOWTIBIMEAKO S & T ([R50 /) > U 7 OBEBAMELE Lo Z L3RI TN 5,
° é%K\ﬁ%ﬁf%ﬁbt&E%7my7%ﬁwf%ﬁ%%tmﬁﬁﬁﬁﬁ&%ﬁmbtﬁ%\LmoH%é*%@ﬁﬁ%ﬁ%kbfn&w:&#%\4%&<&E%?my7@¢m@%ﬁ%
RWTEhEtEZILND,
o HiiRBUEHBAIZEAT CIE 130 Limin b O KEDFEKNFEAELEZRA T 0 MEAFLISH LT, WER 77 7 FOEADL T, D35 0.06 L/min (99.99%) ([ZF TIXIEREIC KT A5
if%@f%toﬁ%ﬁﬁéﬁﬁmﬂézk%%b\1@%%L@%$%%mf%t:&%%b\HK@%ﬁﬂfﬁvhK%wf%ﬁywmﬁ%mﬁﬁ%%éﬁﬁ%&i*ﬁ%ﬁ#%ﬁ%@
MWRIE T2,
o KRESNTEHZERY (o KoL) oMATE, Y anf REb o rRETHEA L THLRMENEMT H2HEMICH Y . BAREAICK L THMERENMET LN &350 - T
W5, T72bbH, RESNVTOWKERET CORMEIZOWTIERBTH S,
[V—2 >3 v
e POSIVA TIEANF A OGS T, {LAKD EFEZBES I L7 80D, R EROBEKEEZ TEXHMOGIRL, JuE T & OIEFITE LWTFRBAKENED b TWD,
o HHEDE pH RBREAHER L, AEWEAE ST, EAKETOLSHE LS ILEDIZ B W THEAKEAZ KRBT 2 LERH 5T T, IWIEH 7 T 7 MILERARARMEITH 5,
o USUFUNIT VI T UFLIT U RVMRINICIEALZRT 5 T8 TH 5,
o WIHINM D DIEATIEATE 2WIEESIE, A - B O BRI S KT 258 TH 5,
o T4 T RO YILORERFERBIL, WKERE T CIIRRE 7 7 U N ORGEBENIEFTG L, —FRIZ LT LT D RTEEM%D & 5729, Fresh Water Injection (J/KEAN) % E7exf5K
ELTEHEBLTWD,
E%ﬁ%ﬂ?@l&% e Water injection |d, BB OEELEANTEZ L LTH, HigMeRFHIESWTE 63, i TRE O T%) N TR TRWEEZ A Y = —F > ® Funehag LANBRE LTV 5,
e KB T TR 7 7 0 N2l AT 2008 8 8RO (BARMICRBHEENTEMICENTZTEEEZZT 50, KSR T O 7y MNEBHEEOMIEROTSE /R L) 28R TR L
TEBRIIZIERE L CRAHIORTZENEETH 5,
o F7m, HATHREINTWA T (pH ZEAMMNCRE) N A~— & T, FFHIEEEZEZ RO TRWAFLEEEZLND,
o ENFERTHRMD T, REFEMEZ TIF AN RRILETH B,
[ v %)
FAIRMMBERID b7 7V K0 APIRFFI SN2 oo, RSOEEN S5 VLI (K L~V IEBEZEED L) 70 5 NS DAVHEE IR S WA F iy $—F X 7 U —
R L,
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262 REOEHE

PEFSCRORER DN T MU =7 v a vy T TRLNTZMAND, SHOERS 7 7 O
BIZIZHT=D, £ 262 OBV ICHREAEHE L, BR, Ayz—FT>, 7472 FDOZER
ZHXRNOHE L 72 D8R A 2 FHRELEEE UL, B0 7RERE A, TR Pk L RELK
BENTLEZBND, T T, HKBRE T CIXFEENEMET, SERZ VSR TWS Y, 1o
DFEIKD D TIE < | BEIZIZFEOMRZIEIE L T, N 7Y v NI EHE Lo
RREWESTLONPLEE LN EEZDND,

& 262 BREISVCOEEORYBHE L VIZEE

a Y fA 2 PR
WK~ EFGE TR 2BE L DERRLEY =
pH FREEA 2 T2 iR~ 2V oy Z ISR RKOME 2 R8T, £ ORE%

B A DREZE T DR (B B3 L. ARz & LIRS 5,
L P G D%E4H) WEKEREE T2 D i 7 THO G E FIEORENT
NLETHD,
CYEKSGMETICE Y 7T 0 NREIDNZT D AT E
FOMHBMLETH D,

< OPAT AR A2 ERPNERIC LV RS AR L, HAK
BRE T COBWKRE Y 7 7 NORGHEBOMIERED
BHRLZTAET500REE LY,

- THEUKBREE N COBG - st BT | TRAE
OHYE] BUETHD,

AN T LY F IR TITEA DR KNEE T H
Do

C HUKBREE T Cld, BRI Z R T2 & 2 ERY
WCHYR L7222, ZDOA B =X L7 EI3fER ST
[AYAAAN

« BUIR Tl Water injection Z %15 & L T4 L T
WAHM, LV THE L REOMNL) NYNET
H5b,

BARMITMAREETH -

2 —F o
VETTY | cpmaborts

WK% — bR 5
7 47> K | Water Injection (E/KIFEN)
DRF
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3. BKEHTTORRET S MEET—2 DRE

31 #ME

(2. BEfF O AL OGRBEOIEH | OFERZEE 2 T, WKSRM FCOWRM T 7 0 NEET —
2 BNRERIZ LV BUST 5, RME, B LR, JREE, IR, pH %, WINAle SI2EB L
T, Bx3I~BFIAD/NT A —F BRSO T-FMEIT LIV T — 2 2 BST 5.

HARMIZIX, 77 U MEABRBEDSHAKSH: & 72 D ATREEC, KEHWTT 70 N EE S
ZEDEBIMER EEZE L, MIEBEKORE, SN EA LETIET D7D ORMAIOREESC &L
BRZTCHINEA LEETH LTV A L EBTHODOEREAEEZREL, D
FEARBLA CRRIEE -7 7 7 b Ol IR 2 etk ds L OMELE O R T 5 NV OREMEITRD D5
HEEGT 5, K 311 ICARBRO— &7 —%27R7,

— 33EAYEDIE — 3.4 MBI 1K (FIILEEE) DiE —

331 HMEEEILSESNEA 341 MTKEDEMIZEISOBHER
LARRBRI-S2EFAREAORE |

¢ \/ 342 HEOERFELAESLR

T BEXERE 343 QBT IEHER
337 MERE ‘ 344 RERSOTHR

\%
35 RMREM (NEN, LFNRELE) OEE

351 RESILEHNEOREMREDRR
35.2 REFIVRHIEPHREIEHZ AR

K 3.1-1 HEBRo—EJ7n—

,38,



JAEA-Research 2017-013

32 EERTTa—IL

£ 321V 7 70 NOFET —# 2B T 2 BNEROFE A 7 ¥ 2 — V2R T,
LA (CFRR 28 %) ORRFITIL, Bl L7- SFEOKIEE D H b, EAMMEOHER L Ui
Tk - bk (FARERE) OIEIRED 2 DICOWNW TR TORBRNK T Lz,

FWizeet: (50, LR EN) OFIEIC - W TiE, &k 2 EMoEHB 0T — 2 Bifs &
72572 Rk 30 FEEREE F CRERS T DB TH B,

% 321 BREITSHLOBET—IRE (BERNER) OEERTYOa1—IL
ERL28EFE TR29FEE TER30EE

BKEHTTORRETSVMHET —2DIE

EXYEDIEE

RMBEEALSE =TIV LBAIES
BRICEHEARREDERG

SREEER

BE T - IE K (7L SFIE) DIEE
T KEDEMIZE SR BHER

HEDREF LRI AR
HhTE D IR R R AL R R AR

BEFE ORI ERER

RPREM (NFH. EEHREN) ORE

REZ RN FH R E EHEDHER

RET VR ZH R E 1 HERHAER

o L'l
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3.3 EXYEDERE

Z 2T, FAH A L0 60 min B LT 120 min & 7 B HEAELS A MRSk OFEEE (AN K,
50% A THEK, FHRK) ZEICRE L, #E LTEAREGORET 7 WK LT 2 306 L
T, ZOERYMEZERE LT,

331 HFMAFEEALSELTILE A LATERRIC L ZERBREDONE
(1) BEDEAA

anA XY IITHEGRER CRitk) AR S Sk (B IREMES) ZRAET DL, T
BRI T2 BB A E 0 . — ERFRIRRE L2 TR T35, 7 bd 5 £ TORERM,
T b NE A NI LRER ORMEIC LY B, BIKEERT 5 72D Ok (BUEEK)
id, EE. BEAKIGEWTERABHWLRD,

TNEALFTaaA XNV VIO pHEZEZHZ ETCHETLHZELHH, pHEZEZHT-0DIC
X, o0 Coavd Xl 2 pH R Z0INT %5, pH A Z Mz Tava A XU
WA AR EMES, X 8.3-11%, ARE BIREZIRA LIZIRA 7 7 7 OGS A=V &R,

FRIEE K OPER 238 2 1, S LEER]SC pH FEEFI ORI ERF U TH, ZF/L ¥ A LR
TIMELTEREDRESZ IV (770 MELER) OFES B 5, 2 2T, SURE/KIZHEKZ AW
TS aafE L, SIEEKOMERICE 27 LFEZ R T 2 & & b, BTEDT NV EZ A LER
TELA M GEARRLE) ZRET D,

AR Bi&
Hi S UH pHEREE| %ﬁgﬁu SEREK

1L

800 mL ( mL)
s

Hi S Y5 pHIAZEHI "’i‘i'ﬁﬁu SEREK
=i <« >

B 331 BKEUHTZEZEELLBREI SV FOREDEZS
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(2) HRAMHLERET 2ERES

R LZMENE, £ 3.3 1 1T T 80 Thd, 3 FEOMIEEKI LI, HLEERK IO
pH R OIRMELZIE X, TNVEZA LEWET D, 770 FMho—~uy 7 Hi v I OFHE
FEIL80% CHEESRME T D, TAUIA—I—HIHETH Y BEEFEE R ECTHRSEME L 2> T
5, bbb, 77U 1L Z2ERT 5012800 mL D/)—~n v/ Hi VU D EHEHT 5, 1556
IR 2 MW T, 3FEOMIREKZ LI, 2fHDO 7 V2 A & (60 min, 120 min) (Zxf)5T
HIARLE (6FH) 2K 3.320DLBVRELL,

FNHE A DZHOWTILHATIE 35~120 min DIEIEWT IV Z A A TORMPHED LN TE7- 9
23, ALK DG EEH 72 9 AGRFF OB Tl 60 min AR D7V X A AR EFRIZR > TND, TD XD
RBLENG, RBIZETIZT NV Z A L 60 min ZAFHELZ 2 7V F A 2120 min [ZHADIEBED
WL 19.32.33) & Ll 3 5 T2 O OFTE & B 277,

& 3.3-1 BRET S - OERMR

MEH R4 G
oo 2 | —~av s HiTUd < EEHOTRIR KRR
U Gkt o=V ril) - TRk4 : Si02 30.6% | HFEIXX
Na:0 &/ &<0.6% | 3.3-2 &R
pH 9~10
AL 77 #—N S TRIN
bt o=v1U o7&l - Eplsy : KCI
pH FAHEH| 77 4 —M - MEEE OTR
(bt =y 7l « Fi57 - HsPO4
pH <1
FRTEHEK 3 FRYH - EEEH O
« N HEK
(GRBREAERBAT 7 7~V v \PIEELE)
- 50% A\ THfE/K
- FEEK

& 332 HREYSH6EBBEOERES

HAR S 4 THIEAK 5»&45(mm) REHH
T o st
- ) - pH F#Al&E (mL)
;%E; 50% A TiE/K (29 . f i.%
12;6200 I 6102“;) X;;;;{;ﬁ Hi U % 800 mL

E) 7LV H A 560 min ZFEERERE LTz,
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B 332 J57 rOEAME  FEI0CFILI) A (), BeRER (F), pH RER (B)

() 7ILE A LEBDAE
T A LOREGIEZH 8.3-3 1R TFIMTIT- 7,

A Bi&
AL (133mlI) [Z EEDNTI5—N
N—TOYIHiE (KCYZEFTEE DK
somlEty &3, REKICEBRSES,
¢ E==¥o7)
Bi&
Vv
pHIAIE
HEENDTYH
B—M (Y AEE)
EBAT D,
AR EAT
v
pHBIE
SHERBLA .
™ ARDRMLIZBRERLUAL
\
559k
R S IALETOEMER AT 5.
—> FILEAL
- X EHMICIRAL.
7 55 hRERIZRET
< BRAALERLEES

A
3.3-3 FILE A LRABOHBEFIE
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@) LA LRER (FD 1)

3 FEOMIEE KR LT, 2N LEdER] & pH R OWINEELZEX T NVHA Lk
HE L7, BREEANL 3 KHE (15,10,5 g/L) . pH AT 4 k¥ (6,4,2,0 mV/L) THD, 72
B, EEER OEAIT T X TOTRMBZMZ 06D 7 7 SOEEICED 5k E Lo
EARERI OB EE2/RLTEY ., pH FREAIOBEILIXFEEICEKIR 7 T 7 N OB E O 5 RE
& LTCO pH M OEEZ /R L TVD, £ 3.3-3 B LUK 3.3-4 [ZHBRAERZ T,

pH A ZIRMT 22T/ hOpH 2R FT 252 LN TE 5, pH FHERZTML 720
a7 7w MIpHI R TH 5, pH A% 2mVL 44 CHMNT 52 Lick 5 pHIE T O
i, BHEE/KOFEECEEER OWMEIZ L > THHE TR 2523, pH #3852 2 ml/L O54A
C pH8 Fiif4., 4 ml/L T pH 6.5 Hif%2, 6 ml/L CpH5.5~6 Th 5,

EALARER ORI EN TN A LI H 2 HEBIZHOWTE, BUREKOFEICO D BT, IR
MENRE L RIUT TNV E A DBRFEL 72BN H D03, T OPI OV IR E K OFEFHICK
79 %, T7bb, BLEEHNE U ThHIUE, MIEEKPERAKDOEE L0 N TilEKDOEGE D
FFDTNEA LDEN, N THKIZITE T R AR b~ 7 R T L7 EOENRZ L& FEN
THEL, ZNNE{LREA &R U E2ERAH LTV H T EBE LD,

—75 . pH FREEARIOUWIMEN 7V H A 2T H 2 D BT OV T, SR KRR OSEA T
pH2~4FEED 7 T w7 M SHPEZ R THEI T/ IV X A A0 b L 72 0 | FISMOf#E ) 2 78328,
FRIRE RSN THEKOBEITIE, 20 X 9 REmEA ST pH FHEERIN D IVIE EF NV Z A L
EME 2R Lz, #5712, AN THEKOBEE T pH FHEAI 2RI L2 WEAIR. FvZ A L0835
IRREELIERICHELS . VT U MOMEIER TSNV A L THDH 60~120min =2 ha—/L35 HIP
i S v b,

ZOXEIT, TNEA LERET HDIE, EEER & pH SRR OTINEZ 2
BT HULENRD Y | T ONEOMAIIAEEER DS HIREKOBE N L bV olzxt LT, pH il
BANTHIRE K OFIEIKAFE L TWD Z ERbnoTz,
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& 333 TLFALEHER (D 1) DHARER

ARERSA: PRBRRG R
o e EAARER] pH FREEHI FIVE A I
oty (g/L) (ml/L) pH )
6 5.95 90
- 4 6.49 53
2 775 53
0 9.02 117
6 5.61 209
| 4 6.59 136
Filk 10 2 778 265
0 9.16 2,225
6 5.91 384
4 6.73 515
> 2 812 | 48h ULk
0 9.40 48h Pl E
6 5.84 77
. 4 6.37 14
2 774 23
0 8.81 8
6 5.61 159
\ 4 6.50 83
50% A T-#E/K 10 2 " o1
0 8.90 54
6 5.62 290
4 6.50 242
> 2 7.59 872
0 9.06 1,541
6 5.77 82
- 4 6.48 37
2 7.40 17
0 8.63 1
6 5.46 193
‘ 4 6.56 59
N TEK 10 2 12 20
0 8.70 3
6 5.36 308
4 6.34 168
> 2 7.62 181
0 8.79 23
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J59+® pH

J59r® pH

J59+0 pH

10

10

10

JAEA-

A

FNELL ()

2 4 6
pHEREAI (mI/L)

Research 2017-013

300

I\
N A
60‘\\\5‘_7 r”//‘

pHEREEH] (mI/L)

(a) BRIEEKDPFROK OGS

N |

BFILEALL (D)

2 4 6
pHEAEEH] (mI/L)

300
240 Y////j

180

N

120
60 g— //

pHEREEH (mI/L)

(b) #EIEEAKD 50% N LTHEAK DS

]

TFIEAL (53)

2 4 6
pHEAEH (ml/L)

300

240 //
180 //F“‘—i' //}
120

pHERZEHI (mI/L)

(¢) MREKBNTHEKDEGE

X 3.3-4 ZIILEFALKAER (£D1) OHERER

(ff : HRYE®XRDO 777 VO pH, £ : 770 FOFLVEA L)
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B) TILEALHR (TD2) LEKRRBEDHTE

HE LT AN EZALELTEELTNAS 60 min b L< I 120 min DEAREEZERTET AT
bleoT, ZNFETORBRFER LY pH FHHEAIZ 4 mU/L IZ[EE L CHEGEEROTRINE TS L X
A LEFEST D L0, HREEKOEBENOFEL DR TEXDHEEXT, MAT, 34177 H
WA CIE. pH SHEH 2T L2RWEAES 2 mUL 720 3N L7241, Al nzt L
777 NORETHIZBRENH DL LRI TND

ZO7=®, pH R#EHI%Z 4 ml/L IZEEL T, @mrﬁﬁ@@M%&ﬁwﬁmg% SR TV H
A LA I LT-, X 8.3-5 127 VZ A LB (2D 2) OfEREZRT, X 3.3-61%, ZDfEE
EHEBEHLEZLOTHD, ZOMEY, HEEKOMEE L ’E&“Tfﬁ”éﬁ@iﬁﬂ/\%?ﬁ 3.3-4 (TR
T EHICHRE LT,

300
K #EEK
240 \ (FREK
~ A
z A B RiH
180
£ \ / (g/L)
3 ]
N 120
g ° ® 75
D> 60 - —&—10
¢ 12.5
0 —.—15
0 2 4 6 8 ® 175

pHEREEA (ml/L)

300
\i/i WREA
:50%
240 T
.’g 180 (R AR
- A (g/L)
J 120 ht / s
Az ® 75
i: ” ;/k/" —*=10
® 125
0 “/. w ——15
0 2 4 6 8
pHEREH (mi/L)
300
/ BBEK
240 : NIk

/ A LR A

£ 180

£

E /\T / (g/L

g -

v 120 >

N / ® 75

® 60 / —4—10
% ® 125

0 ‘ —e—15

0 2 4 6 8

PHEREHF (mi/L)
335 FILEALHER (£D2) OHBER
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200 pHEAEH| : 4ml/L O EEsLK I
—A—50% ATIiBK
240 / —O- ALK

0O

180 \

NN

60 B \jér
o A

/ .\

IR AL (min)

0 5 10 15 20
EALRAER (g/L)

3.3-6 pHREH|Z 4mI/L ICEE L =58 DELRERIEL 7TILE A LOBERF

& 334 RELGEHEDOERERS

e .
- . H 535 HEH
ek | MRk | susqs | PHOEA ) BHCIRER
. (ml/L) (g/L)
(min)
D-60 60 15.0
R K
D-120 120 11.0
M-60 60 13.0
50% A gk 4
M-120 120 8.5
S-60 60 11.0
ALK
S-120 120 6.5
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3.3.2 BEMER

RIE LT 6 DO HEAREGDOREST IV (777 MERE) (26 L THRERBREZITV, AR
FREERFIESS X OV K Z MR E K E L THWEZ LIC K 2840 Lz, AR E LT 3
OFRER (—h MR, SRR, XA 21T o7, —dlERERBRIE 6 O
FEARBCA ISR UTHE L2y, —ilEAEARE &L O — o AW BRI AR B D 7L 2 A LT

» 5 60 min OELE DHT

& 3.3-5 BMEHBRDELE,

AR A S L 7o, S L7 AL S LMl 2 R 8.3-5 1T

AR — R B KU

Sy

AX AE o AR R
BA4. WIREAK | A A
(min) — i A R = i AR R KRR
D-60 60 ) [ ) @
z 1]
D-120 U 120 [ — —
M-60 50% A\ T 60 () () [ ]
M-120 HEK 120 [ — —
S-60 . 60 [ ] () [ ]
Iw
S-120 ALHBK 120 () — —
3MEE: 1H A M . 6 R
A 7H 1A
K tin 98 H 2 H
3H

(1) —shEMRFER

RE LTz 6 FEOEAREEGORES IV (777 MEGE) (28 LT 8EfERBR AT o7, it
FAARIRESE 50 mm., & & 100 mm O AR HEEAZ A2 (K 3.3-8) , JEME X 1 %/min (1 mm/min)
DOTHHEETIT o7, K 8.3-7 ICREBRAE R 217, Ml o CT—Hl BRI K & <
125, 7NV A A LD 60min DELA X, 7V X A A5 120min OELE K 0 & —dli ERERE N KX W,
Thb b, FbE TR 0 D ELE O 7 03— ERER 13N & < . Z 0BT 2 28 H
KRR CHIAETH 5, MURE/KOFEEN —SEMREICE 2 28, R OKR E & b IZRE
NHEINT D% L D & RE < I3RW, SRR RUK DBE O —fl EAETRE N K b/ S <,
KbREVOIF, ATHKOEHATIERL, 50% A THKDOHETH D, MIREKOEIEREIC
% U CHBIEDRGRD SN2 Ens, ARIORER T L - BIRE /K OREEEIC X 5 — T EE
FEOEWT, HEEAER 2 EORBONT Y XL D b0 L BbLs,

ey
o
o

I 100

100

I
—e— D-60

I
—e— M-60

I
—e—5-60

5 5 5
£ 80 7] --o--p-120 £ 80 7 --0--m120 £ 8 7 --0--5120
# 60 # 60 _— i 60 —9
-0 o)
# _—8 = g ® -
E 40 mooe=r ﬁ 40 T % 40 —r==
# 2 P - Lad # 20 dat
| (o [ o] I &
0 0 0
0 7 14 21 28 0 7 14 21 28 0 7 14 21 28
i (H) #im (B) i (H)

3.3-7 EAXEE (61 D—HEMABRER
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3.3-8 REZIDOAGHKK () SEU—BEMRRAR (PR -H) OERK

(2) =EhEMEAER

RRE LT 6 O REARAS D D B, F IV A K 60 min IZFRE L7- 3 FEEHO AR A (D60,
M-60, S-60) DOKREF N (777 MELIR) 126 LT =itk a 1T o 72, fadiig, —difk
BRIZHWZ 6 O L FREICER 50 mm. & & 100 mm O [ fE A %2 v -, #IsElL, 50 kPa.
100 kPa, 150 kPa @ 3 /kK#EL L7z, JEMEIL 1 %/min (1 mm/min) OOT BHE TIT - 7=,

# 3.3-6 ITHRBRIC L » TH L AEERs O T m)S 71 (RRET MG T)) AR, 3.3-9 1%
ZOFEREE—NDIEHHE L TORLE, TRTORA, T XTOMEBICBNT, MEEZE X T
HE—NDIRNHOKRE ZFEDLLRNWI ERbND, ZHUIREZFVORENMAEIC L 5T,
IS CIRESNAMBITHH Z L 2R LTS, ZOHA, T—/LOISHHOEEIT. A
WA R L TRY ., ZODMETHE S N-EAWIEREZ ) L THES. SO AR E
R, 3.3-10 IZ/R L7z, 723, S-60 OHIE 150 kPa O BRKE RIT. HE ST/ EWEE
RLTEY, REIEREORESENREZ N0, FANREZRTTS27 —2 L LT
Witz 3.3-10 76, B AWHRE I E N HET IO TRE LS RDMEF A H Y | R
KOENZ K DEIIRNZ LD D,

* 3.3-6 —HEMARTHRONLBMRFOHARIE N

AIE (kPa)
Bl &4 Al
50 100 150
1d 77.6 131.2 175.3
D-60 7H 97.3 147.2 195.8
28 H 128.3 184.2 234.8
1d 80.2 125.8 175.6
M-60 7H 94.7 152.5 196.8
28 H 129.8 184.0 234.8
1d 77.3 128.3 162.3
S-60 7H 96.0 149.3 192.8
28 H 128.0 176.1 220.9
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D-60

SRk UK

—18%#,
—1H1%,
-1 g%,
—78%#,
—78%%,

—7H#%,

50kPa
100kPa
150kPa
50kPa
100kPa
150kPa

—28R 1%, 50kPa
—28H%, 100kPa
=280 1%, 150kPa

150
o (kPa)

100

200

250

M-60

R EIK 50% A TiEK

— 181,
—1B1&,
-1,
—78%#,
—78%%,
—7H#%,

50kPa
100kPa
150kPa
50kPa
100kPa
150kPa

—28H7%, 50kPa
—28H7%, 100kPa
—28H 1%, 150kPa

150
o (kPa)

200

250

S-60

R EIK  100% A TiEK

— 181,
—1B%#%,
—1H%#%,
—78%#,

—78%,
—T7H%,

50kPa
100kPa
150kPa
50kPa
100kPa
150kPa

—28H 1%, 50kPa
—28H%, 100kPa
—28H 1%, 150kPa

150

250

200
o (kPa)
K 339 ZEHERHARBRLIYBONI-E—ILDIEHHE
50
—o—D-60
;_«? 40 1 A—M-60
= /E —=-5-60
30 _—
i
b
s 20
< W/,
P 10
0
0 7 14 21 28
#ME(B)

3.3-10 KREFILOEBAMBREDREZEIE
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(3) R—UHAMHE

FEARFLE Z L= AW 21TV, BEEA % ORI 5 & AR E D2 b Z sl L
77o X 3.3 11T L2 1lem, @S 2em OHFRIOPIR (R—2) OOV =alBjik 2 v
7=, REBRIAK 3.3-12 12",

33-12 ~A—LEAMHEBROBT (k: #Rik 4  REBRR)

R 2 IERIE A~ AR D MV 7 O RKIEZFHIIL, R 3.3-1 IC X 0 HAWITREICHE LTz,
= 3.3 TICHBAER A~ T, ¥ 8.3-13 1%, KELAIZHIT 5 AWIREDREME(LE R LI H DT
b5, TAWBREIL, FHRENS 1 BB E TIXAMICHINT 528, ZO®%ITIEMAFEL NI
Do Fio, FIBEKOEWNIC X D

AT, —EhEAERER, ZihEBR K 0 5 O iR L RERIC
BRI CE BB ND,

T

LT D
+
6 2
7, EAMIGRE (Pa
T K MV 27 (N-m)
D : FHROIE (m)
H : PR D S(m)

# 3.3-1
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= 3.37 R—UHAMNHBRER

D-60 M-60 S-60
FARBL A4 V24 A WrER N2 AW N2 A WER
(cN-m) (kPa) (cN-m) (kPa) (cN-m) (kPa)

6 FEfE 3.00 8.2 3.00 8.2 2.50 6.8
1 H#% 5.50 15.0 5.75 15.7 4.75 13.0
2 H# 5.75 15.7 5.75 15.7 5.00 13.6
3 H# 6.50 17.7 6.50 17.7 5.75 15.7

25
20
©
o
X 15 -
X
E 10 M —O—D-60 ||
< 5 ——M-60
» i
—{1=-S-60
0 ]
0 1 2 3 4
#E (8)

3.3-13 HAMEEDKMEZEILL

333 F¥&H

2 FRMOHVIEERZ FNFNE ST THILE A LEZHE L, SEEAKOREE LI/ LAZ
A A5 60 min BEL 120 min ERDEARRAEZRE LT, T2, EAREAEDOREFNVOER
TRERE & 3 FHEAD ) SR 2 98hE L CHERR L7, BLTFIZ, 2N H0REBRTE LN A 2554
50

o WAKEMHTTOT Ty MNMEET —X 25T 2 HWIZXH LT, BURE/AKE LTATHEK, K
oK, ZOHFMOME 2 RTHEEAKE LT 50%ALifEK (NLiEkEEKZ 1:1 TR
). O 3FBEARE LT,

o 3 FRHOMEE/KEFAWT, B LRERIR L O pH R OTMEEZLEZ 7NV Z A L EIE
L2l A, RUAAVEA L EERT H-0100F, FIEEKOREICE U RO &EE2%E
RDODMEND D Z BT,

o 3FHFHOBIBEAKIT EICHFIVZ A LD 60 min 33 LN 120 min & 72 5 EINF & FE{VAEHER],
pH A Zi%E L, it 6 FHO AR A ZRIE LT,

. %Zﬂﬁaé}@ﬁ\%mv%ﬁ@ L. HEEIW 72 )RR 28R4 2 BT, —@EfERER, —lT
eI L O — o VWl & 2 L 72 f6 5. ek 28 H £ TOMERICI W T, JIERE N
R & & HIHIINT DA, SRS /K ORIEICKE L2 &2V L7z,

o J70bb | pH FHEAZ W 2 K FIEICHUVUTHRIEE /K & U THlKE WD Z Lid, EEARYM:
B E 5252130 AERMERNR RSNSOI o7,
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34 I - kKM (FILEFHE) DEE
341 #TKEDERICK DEEAR

SOV BE D S OEAKCRHE T K & Bl L C A A UL (RBEE) LS. SR omyN sl
~ORBUEPR T T 52 ENBZ DI, EARGOREICHT- > UIHEBHRNHEE L WELE
ERETOILENDD, ZOH, BAEERR X pH FHEAIORINE %2 2L S & BERR %
Fehi L7z, 3.4-1 ICAWRBRO ST1EERT, AiRe BIRZIRE LIRIEH 7 Z 7 F&2ERL L 70D
B, HONCAED VT T N EFEREICTEAUKO RIZE ST, BT A THEAKE 50% A T
KD 2 FEF A AWz,

3.4-2~[X 3.4-4 I[CABRBROEREE, £ 3.4°1 ITHBHEROE LD E2RT, FEEKOM
B B AREA ORI 23030 &3 pH FEEAI 2 RN L7 WIS X BB BG83 B4 LTz, £,
TR R AKERIK, UKD N TR TH - 728541, pH A% 2 m/LIRIM L7727 F D b T
XEBRBIGICUT S . MUK DT MBS BS N & 72, pH FH%EAFI2N 4 mUL LI E T, T
DI —ATB W THBBRRIIRE Lo, K 3.34 17 L2 L 92, pH FHEAI 2RI L 72
779 MIpHIRBREDOT AHVETHY , pH A ZIRINT 5 Z & TS MICHET 52 &
MTE, pH FAEEAIN 2~4 ml/L O TT /v H VN LEEYEICE D2 DT, WAL 77w ~® pH
ZEAMEMNC T UL, BWBIRNBAE L2 N ER otz

Iml ESTER

FREK:
“FREK
=50% A Tk
NIk
ik
] o |—
/ 50% A TiE7k ATIi@K
100ml v—L
BEADFFE B&ET5
N’ \’
oK NG

3.4-1 BARBROAE
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BEREBR(FRKCREL TSI
AR
I 50% AT H%k 15g/L 10g/L sg/L
H:ATEK

6ml/L->

aml/L>

pHEREH

2ml/L>

HEAK A TIEK
Dr—2AL. 8
B

oml/L=>

pHEREHIE AN
TLVELMES DA
=L

3.4-2 REUKTHEERLBRREY S7 ML 2 HHBRBERORK

BEBE (50% A Tl KTHEE=IFIF)

*
K;ﬁ‘: 50%A T 37K 15g/L 10g/L 5g/L
H:ATEK

6ml/L->

aml/L>
pHEI &

2ml/L>

oml/L=>

pHEREHIE AN
TLVELMES DA
a8

3.4-3 50%ATBKTHELLBRET 57 ML 2R ERRBEROKR%
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BARBR(ALBKTHEEIIIH)
ey WAL
E:50%ATHEK 15g/L 10g/L Sg/L
B ATHEK

WedaM (PN

6ml/L->

omi/L>

pHEREHIE AN
TLVELVRE D
=L

3.4-4 100%ALTBKTREELBFRET 57 ML HRBHBRBER DR

x® 341 AASREROTLD
(O B E LRV, A EE, X @ [E)

sk
50% A LiEK ALK
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342 REORBFELAERER

TS D E TOWEREL Y T 7 b ORI 2 B EGELIAIC L 0 JIE Uiz, JEREHT 7 v
Z A K73 60 min O 3 FEHDOEAR A (D-60, M-60, S-60) & L. #MEENSZAbE TOM
(2 5~6 [EDOWPEZEITV, ZIAIZ L b 72 DRI OB R Lz, HIEIIZE =2V A F—F )
-ZS (Malvern Instruments #8) % 7=, 3.4-5 ICHRBREEICGRE 2 EE T AT ERT,

3.4-6 [IZRBFE R A T, WA 7 7 U N OMIEREEHZ OREIE 10~50 nm fREIZIZ &AL
DRIRENEFEN TS, bmin %O E— 7R EITHIEEKOEWC L 59, 13.54nm Z/r LTV
%, BEEOFGEIC & b7 o TRIBEDRKE K 2o TW M ZRTH, FOEITDLTNTH 5,
B 21X, FRBEKRPEROK OS54 (D-60) Tk, B — 2R EIL 34 min £ TH 21.04nm /<L T
W5, i 2 SDOIREARES (M-60, S-60) OLALFRETHD, 721250, FAZ A KL 72
5L 10nm LN ORIRZRT LD IC7 D0, ZAUTT b H#IT LRIERDOHEN TE 27> T
WHbHDEZZ BN,

3.4-5 FMERICAVW-HESMAEEE (E—294A4F—F/-2S)
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3.4.3 FEDORBFELAIERER

FEAREA O 7 Z 0 N OREMHEIZEEZR A A — 2 —Z HOCHIE L7z (X 3.4-7), JIERR
BHIZ V2 A 573 60 min @ 3 RO AR S (D-60, M-60, S-60) & L. ﬁﬁ%m%fwmi
TORIZ 5~6 FIFEEDOREZITV, T ALIZE & 722 D REDO B Z #esl LU=, JIEIZIX Physica
MCR-301 (Anton Paar f:8) % FHu 7=,

347 L7FAA—%— (Physica MCR-301) m&& (&), AIEKRE (B)

FHEICBN T, BABEEEZZZ 285, HABEEICS U2 ARSHZ2E L, X
3.4-8 TR T & ) 7B bR &2 UG 3%, HAWREE DY 0.01~200 1/s ORIIZI VT, *HERIE T
BERERICRELS LTO0 RDT v 7 A—7 %G LD HIZ, 200 Us 226/ LTCHEBED X 7
VAT ST 5, 1 RE IR THAIL WA D, 1 OT v T h—T X0 —T %155

Z 2min 8T 5, TNENOIEARAITK LT, SIEE6 OMERR 22 2 T, RO
%@ﬁ%@%bto

X 8.4-8 (Z/RrT X 91T, MRYERICITMENMAIERICITLS . = 2— N UAER R 28 2R
?_&#bﬁéoLﬂb\5»%@@&;Ohfﬁﬁﬁﬁéﬁ%%ﬁiiﬁﬁéo:@@Wﬁ
fthod 2 FFH DO FEARL S (D-60, M-60) [IZOW T HFEIEETH -7,

¥ 8.4-9 127 MEIZ & 72 D W AWK E D2 L% 3 O AR S (D-60, M-60, S-60) IZ
DWTRT, HAWERE L AWIEIOEE ThH AW X, =2 — h R TIEE A WnNE
FEVRA T — M E R T, FAZ A DML 725 & AWREIZEFT 2729 K 3.4-8 (d)
DOIEHR TR L2 X 9 ICHAWHEE 200 1/s OFREAT O AWML % 2 ORGERFE T ot A WKL E
L L7,

B 3.4-9 L0, FUkITHEn, EAMREEITREIC BAR L. £DZ1{kIE 40 min (60 min D5
NG A LD 23 D) ZMET-HT2 MOBETH L Z LD, MIRE/KDOER S 3 ffH
DEARFEGDOT X TTRICMATH D Z &6, BBEKDEWIC X DEMEDZEIZIEN T2
EERD,
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5 T 5 T
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344 BEZEOATEHR

HIRTIRENED S TZHA DA N A LB LT ALk OMmERME (—ihEHERE) o2k
T, HARRLS 6 FEEEICKT LT, miEM (35 C) SAKIEM (10 °C) DFREIRE T/ L L A

LR A T o7, Fo, @il (35 °C) LAKEM (10 C) THIRYE., FIRE CEAELILFAES
Lokt L C—HlEMRBR 21T o 7o, Zods. BAKITHIEEKEF L OE AW,

# 3421 NVHA A%%@F%%f?‘ X 3.4-10 B X O 3.4-11 1%, REZ VXA LD 60
min & 120 min QAKX L, BENCBIREIRE 20 7 Vv 2 A4 2R LTz, 7B, iRE
BE 20 Co7a v T* IERME TR, REFSNVHZA L THD 60 min (K 3.4-10). 120 min
(% 8.4-11) TH D, ZFVZA Lk, BRI THIEE S EREMEVEL 20 | REMTITEL 22
HZENGghoTz, K 3.4-10 TRT 35077 7 & T 5 & MURE/KIKERIK, 50% A T
Ko NTHEKTER D55 OH 60 REWVTA LN, K 3411 IZBWTHEERD Z &30 %
%o X 8.4-12 (2H 1 B E 8l 7 B THUS L 72T 7 v o —ERETRE 2 x5, AKIRAl (10 °C)

ClIE—dh LR T T/ & <L @R (85 C) T 2fERERZI W EBb0d, 20 L5k
IBFEARTF OIS, FBIEEKOBENCLLTROLND Z ER ol

& 342 RELEREDEVNESILEAL

o = FNH A A (min)
B4, | dEEAk | L T . .
VB A 2 (min) 10 CHUREY | 35 CHIREYE
D-60 60 99 18
Rk
D-120 i 120 190 30
M-60 50% A T. 60 122 19
M-120 MK 120 216 28
S-60 60 125 16
PN Y/
S-120 120 231 29
180 180 180
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34-11 EXEE (FILEA L 120 min) OFREREDEWVILESTILEALDOEL
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345 F&H
IREKDRR DWW Z 0 Ol L EOBERZH LN 572012, 4 I ORBRE =
fi L7z, BLFIZ, 2D OMBRTH LN R ZHET 5,

FEHER I, 8 FEOMIEE/KICE 277U M EE/KREOH FAKICEM IS, 2y
b (B#) LS ZiiE L, BifiOEARR G DORE~T 4 — Ky 7 Lz,
BIRORIGFEALHERER CTIX. 7 brio 7 7 U F ORRORRINZELEZ, 24 5 60
min @ 3 FEEHDHIRE /KO IEARFAITH LT, BIFEHELFRIC L VMR Uiz, T OFEE,
40 min FEEERGE £ TITRED B — 7 73 20~40 nm & IEF TN DRI THER L TVWDH Z &
Dol ZOMBMITHMIEEKE L THEKEAWZGE DREEKOSEBIZIEFR L THY |
FRIEEK OFEFIIRR DI B L 5 2 Ieino Tz,
HEEDORRRFEALRERER TlX, ZUERTD 7 T 7 N OfEEE LA BIERE L A A — & — % ]
WTHIE L7z, 40 min (FV# A LD 2/3) FEEE TIHIEFIT/NS V= o — b Uiz Eh %
RLTEY, MEOEIME RN MR EKOEW IR TE o T,

IE R BOMEHER CIL, 777 MR 20 CEEEL LT KIEMA (10 C) & &iEMml (35 C)
WCEDDZ LI K DHELE TNV LERESNOBHIN R )FREICEE L THER LT,
fRIRM (10 C) TIET VA LFTEL 20, &Rl (835 C) TIEINFA LBEL DT
RO oT-, FRERIBECEA LERTEFNVORK 7T AMED J1EEEIZHOW T, (KR
BNEEEARIEE 2% U THE /NSO —flERERE 2R U, @iRANE 2 5 R &\ — il = AE R
AR L, 20X RIBREERAMEOHRIE, MIEE KN EDLsTHRILTH-o 7,
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35 REIZEM (NWFEH. LEHNREN) DIBE
351 RESIRENFEMNRE EHERRER

MO & & HICEREL 7T 7 N OFRERENT 5 2 L 2R T 5 L &bz, HREKDE
WNIREERBUC G 2 8% . BRHIRIZRA LR 2 BV ¢ il EiERBR TR T 5,

FTAMMITEKR 2 FMAEHE L TWD, 20 CEREREOHEIKICK L TiL, FEARYMEOHEE &
LT 8.3-7 IZH#in 28 HETO 3 MIOFEREZ R LTV 5D, [A—WEIC =A% Bh L 7= etk
WZxt LT, SREFEEDIRE, RMIZEmalbi s UCEylZ2mim (M 2,3,6,12,18,24 72 H @ 6 itz
FHE) M EAERER 2 KT 5 TETH D,

Mz T, #EREZ 55 C& LR ERADOHRIKIZONTH, KT 2 R OFEA T—HilE
faakBr CREEFEELIKE, 28 H, 2,4,6,12,18,24 A O Tl OFHHE) % 3FhET 5, 55 CHREEED
HEEARIC oW T, AEEIIME 1 B & 7 B O —flEfERER 2 3 Uz, REBR8i3 20 CHE%E
#4E, 55 CREERA L LI 6 FEOEARES TH 5,

TREFRAEDE 2 513N (2000) OO TREINTMMETHY , WRA T 70 M EEALTE
BEFERIC BT, B ORGEIC & 722 5 RIS 2, BAREZ B 5 2 & CEFRICHER
TELLEWVWIHIHLOTH D, BEICHH L TR 5~60 O MEHRIENDH L LS TBY, 20
BFREMERRE S D, B, 55 CREBRAEEZITo2HA. RERRLE L T30 [HBARENT
BY. M1 A THEONDL —HHEMMREIL, 20 CHEERA 21T - 23K 30 A B OEMERE
ERILTHDLENIZXHFTHD, 2B, ZOHED 30 H ARMERR] & A TN D,

ARFFECTIEL, 20 CHEHERRAE, 55 ClRdERA L bic, [P T1 HE 20 CHEMESRELZITV., £
DDOHIZEAKICTR L, BAKERTIEE (20 CBLIWU55 C) & Lz, BAKOREIIMES
KEFRUTHD,

B 3.5-1 IR )22 MR R IZ 3 1T 2 —Hl B E 2 7~ 3, R~ —213 55 CIEHESRE
A OFE RO ZARERFF TR LD TH D, /bbb, 55 ClRIERADHRKICT OV TIT,
1 BB IRER A ZBIMAT 2RO TRl 1 BOLEIC 2y LTEY ., Ml 7 HOR I
6 HEMetERAMME 20T, fEtEfFRE L CRLIC 30 542 8MA LT 181 HOMLEIC T 1 v b
LTW5, 55 CIRERAEDOHES 7 B T bV e —di EREiRE I X2 241, 180kPa (D-60). 120
kPa (D-120). 145kPa (M-60). 112kPa (M-120). 163kPa (S-60). 111kPa (S-120) T&
Lo 7B, DD 20 CHEEEEAORR (K 3.3-7T C/RUL-MEm 1 H, 7H, 28 A) /&
W —27 TR LTWD,

3.5-1 LY. 55 CTIRERES LI-AEZ VoM 7 BO—#li EAETRE L, 20 CHERERE L
ToMtn T HOE L g U CiEa 20Mc k& < (RS 30 54 H LT 181 HOKMIZ 7 v v
T L, RTHREOHMMPNBEA L TNDLZ ERbID, HIBEKOENPEYEICE 2 5 5
TR BAVIRNDY, TN F A LOEWIT K D RMIRE~DOFEIZ OV TIE, RIEERH 181 A Z#%
WL ThH, PIHIBERENRKE Do TSN T A APEWES OIS, 1 Z A4 AREWES O
AR L AT, BYRELREVERERL TN D,

ZD XD RMRHEREDE Z FITOWNWTIE, T E TITHASRE TOBS TR SN TR0
B, 20 CHEHERADOUGURD 2 A LIBEORE RN E SN D REE LI, FEMRB8217o b0k
T2,
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(b) RN 50% A\ THEK DA
200
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P e .
100 // —r —e—5-60
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B (B)
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352 RESTIREIEFEMRE EHERRER

HFAKIZE S ENTREDORE S NOLRREWZ R T 572012, b LR ES LV E2EA
KITIRIE L, BAEKDIEDHEITH 2L TREZSANLD LY RS E OB 2R LT,
FEARLE 6 IR LT, BAREZ 20 CEHERAE L 55 CREFEAD 12 7 —RZxf L TR
B S L7, BAKITHIEEKER U E L, 3L o#EAKEZRZ Lz —F—HZ, 100 ml ®
REZ NV EHLSEZE—h— 28R 1 BENORIELZ, 2B, BT/ NEAKE Bl L
TWHREFET, 20cm2 TH 5, K 3.5-2 ([ZHREF VOREIEDRERT,
BRGSO, MG 7 B3 L O%# 14 B&ICFNAFN 250 ml 28 L TiTo 7=, #%
AR IR AE K OB TRIFAT o T e, B, £ 3.5 1 IR T LT, FEF L
DHCITEHERE NS EBZ LNV U IO ZF.OIC, fEMICarns XLy U BIZEEN
5 MU U ABIXOBEMREERIOR S THA ) UL EZMAx T 5 HEB E Lz, U BIZTHONTIL,
WHIFRED KO-z, 23U B, IEFELATaaA BRI B, A ARV o 3 FkEE %t
Gl Lz,

K 3.5-2 HREXFILDZEDRRF
(14 HE OB T LIz DIREE)

& 351 BEKDIEESTFE

PO RER Tk Sy HTh A
)% 23U h JIS K0101 44.3 W EETE
(Si0w) WEKRau A NIRRT U JIS K0101 44.2 WL EEE
AF R H JIS K0101 44.1 WS A
Na JIS K0102 48.1 7L — MWER
K JIS K0102 49.1 7L — AW

% JIS K0101 : T2 KERER 5 1E
JIS K0102 : T HE/KakBR 71k
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# 3.5212 20 CEEREDLAEDOONTFERE . #£ 3.5-312 55 CIlettEA Li=5HE 0o
RART, ok, 55 CEERAETHEARS (S-120) © 7 HHEBRBOSHERIT. O 7 7L
WL VEIGTE o,

& 352 HEMLE-BEKDEZESIHER (20 CRREEL)

AR
SHTEE PR REFE
D-60 D-120 | M-60 | M-120 S-60 S-120
DI ESGE 0.0 2.6 2.2
23U A (mg/L) 7 H 1.6 2.1 2.7 2.8 20 21
14 H 5.2 4.9 7.0 6.2 32 32
; . I ESs 0.0 1.4 1.2
(iz/iz;}j RA FRV I A 70| 13 1.7 1.9 2.6 17 18
14 H 4.9 4.8 6.4 6.1 32 32
S 0.0 1.4 1.1
ARV H (mg/L) 7H 1.3 1.6 1.9 2.6 17 18
14 H 4.9 4.6 6.2 6.0 32 32
S 0 5,300 10,000
F FY w2 (mg/L) 7 H 12 20 4,900 5,100 | 10,000 | 10,000
14 H 48 44 4,900 5,000 9,100 9,000
IEESES 0 170 390
7Y A (mg/L) 7H 54 49 240 230 460 430
14 H 160 100 340 260 580 480
# 3.5-3 BERLI=BEKOELESHTER (55 CREES)
ARG
S AR E Rk R
D-60 D-120 | M-60 | M-120 S-60 S-120
iESLs 0.0 2.6 2.2
23U 7 (mg/L) 7H 12 12 13 12 77
14 H 24 21 25 32 100 97
- . T I ESES 0.0 1.4 1.2
(gzﬁ?j RA FRY I A 7H 11 11 12 12 77
14 H 24 21 24 29 100 96
DEESGS 0.0 1.4 1.1
AF R YA (mg/l) 7H 11 11 12 12 76
14 H 23 20 23 29 94 96
DEESGS 0 5,300 10,000
F rU A (mg/L) 7H 51 46 5,400 4,800 9,800
14 H 76 66 5,000 5,200 | 10,000 | 9,700
B 0 170 390
51V w2 (mg/L) 7H 120 99 310 270 510
14 H 220 140 390 320 590 490
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X 3.5-3 1%, AEIGHICH W SFED T U A FEE IG5V Y WIEOBRZ R~ LT
HDThHD, B2V IONIE, I NhE2A AT TH5I LT, TXTOEEDTY
ABFRETEDLFIETHD, BEBLIOaaA RRVY A5 TIE, ABICEY 1 pm L EDYv
UBEBRWZY 2T, AlETRTA A ALEETHONT 5, 44K U BT, REED
5&%4ﬁ/méﬁé@@%#é ERL T DT, AT RO U Y I DORZEFETE
5y ZTOXEIZLTHELNIE 3 O2OSNMEEZHNSZ LT, 1 um B EOBIRT Y B, 2 A K
RV IBIA ﬁ/bkv) HD3ODEREIZOWTCEDEIEEH/LZ LN TE B,

B 8.5-4 133K 3.5-2 [T LIembrifERohinn, —fFlE L THEARS D-60 © U 71 OFEHZ
bR LTbDTHD, BEKIIEEND VY WOFREZX, TOIFEAERA LRI ITH
LZENDNDL, MOTXTOr—ATEEROMBEM Th o7z, TRbE, RETFTANLIFA A
T INEH LTS EF 25,

JIS K 0101_1998 T ¥ F/KRER A%

2I1)h
SERE Lum
SHERENo. 44.2
BERVIOAM KR YD aaq kKA A#E5TEC

SRER;ENo. 44.1
AF K UH AF KA

353 VUADHDENED) ABEDEZA

10 | | |

——fh

g | ——BEUARUIAOIRRIYN |
e I

V)HRE (mg/L)
Sy

0 7 14 21 28
KB (B)

35-4 BHLIY)HDRE (EXKESE D-60, 20 CIREERLE)
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X 3.5°5 ([CFT_NTOr—ADEY Y BREORERZ(LEZTT, §XTOTr—ATEREKDTY
HEEIZEALTEBY., 14 AREEESTIIREA LSO U HOEHEBNEEWNTWS ES 25,
IR KB X OBAKOFEEDOE NI LB OV TR, ALHKOEGED L) WIRENKD
< HBKOBAIINE <, ZOBOEL 5~6 FHRETH 5, 50% A TR DHEOREKD
D AR, AT & REROK O R IIE A IR LT B, BRY 72 KA & RS /b & UMl
Lipot, BIMEXMINEBMAEL, 4%, RISV TRIAT 2 5ER S5,

FEREDOENZ OV T, 20 CIREREDH AT, 55 CIUERE T 3 (HiRf, &
2 BPENERER L 220 TOD, PR BT BEER R OB ERIC (R E 30 %
LU THRET L2, IR ZF OREDERNEEST H0E I T, 2% OT — X OEE A1
> TRADPLETH B,

40 Ezﬁlii —e— D-60-20°C 120 T —e— D-60-55°C
20°CHg# 110 + 55°CiR#E&E4E
—_ ---0--- D-120-20°C ~100 g% ---0--- D-120-55°C
3 A 3
& 30 —&—M-60-20C | & 90 =~ —=&— M-60-55°C
-~ P 5 ~ 80 .
---+-- M-120-20°C K ---F+-- M-120-55°C
M ,” M 70 / I’ M 0 55
#J§ 20 g —4a— $-60-20°C :'";5 60 // - —4&—$-60-55°C
2 / -4 $-120-20°C | 3 50 yavil ~-r=- $-120-55°C
'4'}' @ 40 / /I
[y 10 e 30 /'
¥ % 20 7
H# ‘ / ¢ # 10 / =
LI | i o¢¢¢rT
0 7 14 21 28 0 7 14 21 28
FRKEER (R) Rk (B)

3.5-5 HBAKDEL) HDOEMZEIL (£:20 CREEELE, £ :55 CREEL)

B 3.5-6 IZF"AKDT U 7 AA A (Nat) REORKHZ(EZ, K 35T 12V T LAA
v (KY) REORIFEZRT, BAEKE L THWZATHAKDOREIX, Na+234) 10,000 mg/L,
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Workshop on colloidal silica grouting
(silica sol) in sea water, Helsinki, 26th January
2017

‘1 INTRODUCTION
&
!/ Backgrounds, Purpose

26" January 2017
Shimizu Corporation, JAPAN
Masakuni Tsuji

Workshop on colioidal silica grouting in sea water, Helsinki, 26th January 2017 Today’s Work, Tomorrow's Heritage

(Ds...rewoe |ntroduction of the participants @ swmz

B ORGANIZATIONS of Participants:
FINLAND: POSIVA, ROCKPLAN, Saanio & Riekkola (S&R)
SWEDEN: Chalmers University of technology (Chalmers)
JAPAN: Japan Atomic Energy Agency (JAEA), Shimizu Corporation (SC)

B Main PARTICIPANTS:

| Name | Affiliation |
POSIVA
POSIVA
S&R

S&R

S&R
ROCKPLAN
Chalmers
JAEA

JAEA

SC

SC

sC

Workshop on colfoidal silica grouting in sea water, Helsinki, 26th January 2017 2
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What is Colloidal silica (Silica sol in Sweden) grouting?

= Nano-size silica particles (around 1/1000 of super-fine cement particle)
= Sweden: Chalmers with SKB applied for rock grouting with theory for first time in the world at Aspd HRL.

= Japan: It was originally developed and for decades used for the purpose of a ground improvement
material to resist earthquake. Nowadays, it has applied to URL and a storage cavern for rock grouting.

= Finland: POSIVA seems to have applied a lots to ONKALO.

JAPAN

Manufacturer Eka Chemichals AB, (BASF)  Kyokado Engineering Co., Lid.

Name Meyco MP320 Permarock ®Hi-R

Main liquid SiO, amorphous particle Si0, amorphous particle

component Particle diameter: 2-100 nm  Particle diameter: 10-20 nm

Accelerator Sodium chloride NaCl with a Mainly Granular KCL
concentration of 10 wt%. (Dissolve in water before mixing)

Main Liquid (SiO,) Hardening Accelerator Grout mix Hardened

JAPAN: Granular Type PR ;1 homo-gel

Europe: Liquid Type

—
—
Japanese type needs a “water”

fo be added, in the field.

Workshop on colloidal silica grouting in sea water, Helsinki, 26th January 2017 3

r=es Bgckgrounds; coastal area @» skmz

B JAEA and SC recently started the study on “Characterization of
colloidal silica grouting under sea water”.

B The background is that studying on the engineering technologies for
the geological repository specific for “coastal area” is recently a hot
issue in Japan.

Coast line Continental Shelf
Xé&ﬂ Surface facility
| i
Islet

Surface facility
Inland i | 15

390"‘ Deeper
Y& than 300m

Underground ™8y Thage Underground facility
facility < Approx.. 15km

Fig: Conceptual image of geological repository based on topographical characteristics of coastal area in Japan.
Adapted from the published materials in the 3 council of studying group on techniques for geological disposal of radioactive wastes
http:/Awvww.meti.go.jp/committee/kenkyukaifenergy_environment/engan_kaiteika/pdf/003_02_00.pdf

B Grouting has been focused as one of the most important tasks to be studied on
by the studying group.

Workshop on colfoidal silica grouting in sea water, Helsinki, 26th January 2017 4
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(seecreee Sjte experiences in Nordics @ swmz

B Grouting experiences of colloidal silica in Nordic countries

| —
4{.‘ Design based on theory and experiments
)

TASS-lunnel

New methodology for sea waler
(e.g.. Water grouting?)

Fig: ONKALO and the demonstration tunnel 2 (red), where the colloidal éilica grouting were carried out In Finland.

Workshop on colloidal silica grouting in sea water, Helsinki, 26th January 2017 6

Site experiences in Japan @z sim:

() PRE-grouted area
2273 POST-grouted area

Fig: Kurashiki LPG storage cavern,
where the colloidal silica grouting was
supplementary carried out In Japan

| added in the
mixture

Combined Swedish design with
Japanese empirical methodology
Fig: Mizunami URL, where grouting was carried out in deep
underground. Colloidal silica grouting were carried out in 300m depth
for post grouting test and in 500m depth for post grouting works.

Workshop on colfoidal silica grouting in sea water, Helsinki, 26th January 2017 7
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~-- __ HISTORY, we know! @ swm

B History and outline of development and applying colloidal silica grout

T
B i Y [ L :
[Fiit At o R A=—Z] DEERGICB 258875 R T
198247 : BMmALOAN 5 ARHH [ AMBOERITH kA= —X])
1B AP RO 1 20034 : EES ) hanq Fog
19924 WGP U A T4 F - EROH 1) BiEA GERBySYR) 12
THE DY A ORY % H B3 BIER RO R
19974 : K% - HAY 77 P OEE 20074 : Dot MBEE B~ B8
20024F : B TP BEWMRRZH |y Ik T kit ko 7
[LARR, 485 A8 o iBEK] 'l 20084 : [ gor 2 (FE1), —
(2015% BE) _435 1 0 B | SRR & Al
| 2010% : P I ANDHER BT
FEEe A 1
V20114 = Ay e (FEZ2) ok
: EH

A '
BB AIEk=—X] |
20074 B Y 77 O - 8@ |

[=: A9 = — 7> [1745] Silica sol |

B 5 BERMROME | & et
20104F : FEIEEIE00mIZ TR T | / " s o2
20134  AHIZTH ARG FE L6 | S/ (B

D T I 47 NG

20144 : BRTRHES00MIZCTHA | 75 |
Y F ORI ER ;

TR Tl L ed :
A8 FOHLPGE AR T4t

f 2 S\%fmﬁmt

=747 7F
[FE#5] Colloidal
silica grout

Fig: Summary of R&D and application of colloidal silica grout between Japan and Nordic countries
Adapted from the published materials, “Application of activated silica colloid for the purpose of waterproofing of rock mass in deep under ground
(in Japaness), M. Tsuji, S. Kobayashi, J. Nobuto, H. Sugiyama, The Foundation engineering & equipment, Vol 43, No.10, pp.28-33, 2015

Workshop on colloidal silica grouting in sea water, Helsinki, 26th January 2017 8

HISTORY, we know! @E» skmz

B History and outline of development and applying collcidal silica grout
JAPAN KX #=  Nordic countries im=

B Giound improvement | P o, E— .,

M Needs for durability on Chel MNeeds for rock sealing material to

SRAD started foclong erm suakle waterglasz achieve severs inflow requirement aimed
material (1982).

Invention of “Activated colloidal silica” and for deep geolo ica_‘ re _qsito
superfine hybrid silica (1992) + R&D started for grouting Silica sol for rock

« Definition of “Permanent Grouting” {1997). o grouting (2003). -
7 Technical D by the Japa ‘og,\s" + Grouting design methodology of silica sol was

& proposed for fractured rock based on theory of
Geotechnical Society (2002), b
Growing market for permanent improvement +  Applied to Asps HRL (Fig Ne.1), and trial for some
normal tunnels (2008).
L « Applied for more than 1200 sites {as of 2015). ; Studay and Tria= for s)noaﬂ«i% raliway
8 tunnels (2010).
Wi Applied to ONKALO (Fate2), around (2011). =

B Needs for sealing material to achieve inflow

0 - = F 20
requirement aimed for deep geological - S
|SWEDEN, itis called “silica sol” |
* R&D started for colloidal silica grouting regarding :
ion and application {2007).

Experiment at the 300m depth of MIU (2010). No.1 Aspé HRL
Laboratory tests and supplementary application to

HE ; No.2 ONKALO
the 160m depth of Kurashiki LPG storage (2013).
* Post-grouting campaign at the 500m depth of MIU t \',Ta.,,,fjf-:;

(2014).

=
FINLAND, it is called
"Colloidal silica grout”

Nofe that all written years are based on published
‘ articles. or.rough ft ied by the f ishied year ... .../

Fig: Summary of R&D and application of colloidal silica grout between Japan and Nordic countries
Adapted from the published materials, “Application of activated silica colloid for the purpese of waterproofing of rock mass in deep under ground
(in Japanese), M. Tsuji, S. Kobayashi, J. Nobuto, H. Sugiyama, The Foundation engineering & equipment, Vol.43, No.10, pp.28-33, 2015.
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o Today’s Purpose @ sz

B Purpose of the today’s workshop
v" Sharing the latest grouting knowledge and technology
v" Sharing the colloidal silica grouting methodology
especially under sea water
v Finding a clue to develop the mutual grouting technology

Fig: lllustration adapted from "Guide to grouting with
silica sol —for sealing in hard rock, Johan Funehag,
Befo Report 118, Stockholm 20127

Workshoo on colloidal silica arouting in sea water. Helsinki. 26th Januarv 2017 10

- AGENDA

Morning Part 1: Introductions

10.00-10.20 Coffee and Introductions of each participant (All participants)
10.20-10.40 Background and purpose of the study, Masakuni Tsuji (SC)
10.40-11.00 Grouting in the Horonobe Underground Research Laboratory in Japan, Kazuhei
Aoyagi (JAEA)
Morning Part 2: State-of-art colloidal silica grouting

11.00-11.30 Silica sol grouting in hydraulic gradient and durability, latest news from SWEDEN,
Johan Funehag (Chalmers)

11.30-11.50 Colloidal silica grouting campaigns in 500 m depth of Mizunami URL in JAPAN,
Masakuni Tsuji (SC)

11.50-12.10 Presentation from Finland (POSIVA) (If possibls, latest news)
12.10-12.30 Short discussion and summary (All participants)

12.30-1400 Lunch at Kuparitalo

Workshop on colfoidal silica grouting in sea water, Helsinki, 26th January 2017 "
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o AGENDA @» swmz
Afternoon Part 1: Influence on properties, methodology. and design under sea water
14.00-14.20 Presentation from Finland (POSIVA)

{If possible, focused on countermeasure to sea water, e.g. Water grouting?)
14.20-14.40 Experience of acidic Mixture to resist sea water in Kurashiki LPG storage cavern in
JAPAN, Masakuni Tsuji (SC)
14.40-15.00 Ongoing laboratory tests in Japan, Hitoshi Nakashima (SC)
15.00-15.10 Comments and discussions for the laboratory tests (All participants)
15.10-15.20 Short break
Afternoon Part 2: Final discussion - clue to develop the mutual technologies
15.20-16.00 Discussions and summing-up (All participants)
Tip for KEY WORDs
v" Different properties, requirements, methodology between each country
v Countermeasure against sea water
v' Fracture, gradient, durability, water leakage
v' Potential and limitation
v What we need for each Sweden, Finland, and Japan
v What we can cooperate
18.00 Dinner at Savoy Restaurant, Eteldesplanadi 14, Helsinki, organized by
Workshop on colloidal silica grouting in sea water, Helsinki, 26th January 2017 12
s e KEY WORDS @ swmz

+ KEY WORDS that we should have in mind now are;

Different properties, requirements, methodology between each country

Countermeasure against sea water

Potential and Limitation of colloidal silica
What we need for each country what we can cooperate

Workshop on colloidal silica grouting in sea water, Helsinki, 26th January 2017 13
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Do KEY WORDS @ ez

+ KEY WORDS reffered form the recent symposium in 2016,
8th Nordic Grouting Symposium

In my view there are 4 main elements of grouting that
are controlling our work (in random order):

= Tight Enough For Its Purpose!

= Water Control - Not Water Proofing!
= Pre-Excavation Grouting!

» Prevent - Not Cure!

E NBG

Aslide from the Introduction of 8" Nordic grouting sympasium in Oslo by Eivind Grgv Chairman of the Scientific Committee
Chief scientist/Professor || SINTEF/NTNU

* So, what do you have in mind now ?

Let’s start!!

Note that the outcome of this workshop will be published to the JAEA's technical report. The report
will be af least in English for the Summary and Appendix which records the minute of this workshop.

Workshop on colloidal silica grouting in sea water, Helsinki, 26th January 2017 14
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1§ 2 : REVIEW OF SUMMARY REPORTS ON COLLOIDAL SILICA GROUTING IN
FINLAND

AERHX, WRIL 7 70 N (aaA XA D077y 8 1B L, WKRETICBT S
HWEICER L, 7472 NI D5H0IE, SRR, 8HEEEIC OV TOIHE
EOTHLDTHD, 7B, ANERHI, E/KERD 7 4 >F > K Saanio & Riekkola Oy (&
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(1) [a-7] Colloidal Silica-Grouting in Demonstration Tunnel 2 in ONKALO ©

1) Abstract

Posiva carried out grouting using colloidal silica as the grouting material and with the time
stop method as the design approach. Three fans were pre-grouted at Posiva Oy’s research
space ONKALO demonstration tunnel 2 in autumn 2011 and early winter 2012.

Colloidal silica is a mix of one-component colloidal silica and accelerator. Before gelling,
colloidal silica behaves like a Newtonian liquid. Colloidal silica’s efficiency of penetrating
hydraulic apertures in small fractures in rock is significantly better than that of cement-
based grout.

The grouting design was based on an analytical calculation model. A new technique was used
in the grouting implementation, which primarily differed from the previous technique
regarding vacuum pumping and packers.

The goal of the first grouting fan in the demonstration tunnel was to check the functionality
of the equipment and the method; therefore, the fan was drilled into rock mass with no
hydraulic conducting fractures.

The second grouting fan was drilled into rock mass with an observed fairly low hydraulic
conductivity that was lower than the start criterion established in Posiva Oy’s requirements
to manage groundwater inflows. Nevertheless, the grouting was carried out. The sealing
effect was estimated from the control boreholes, and a slight improvement in sealing was
noted.

The boreholes of the third grouting fan clearly penetrated a water conductive rock mass. The
grouting was carried out in two phases, in which the new boreholes in the second phase were
drilled between the existing ones that were drilled in the first phase. In the third fan, the
grouting boreholes of the first phase were noted to be significantly crooked and the second
phase grouting boreholes were drilled in locations that differed from the original design. The
quantity of grouting boreholes was increased in the second phase. The sealing effect was
estimated by monitoring the second phase boreholes and control boreholes. Based on
observations from the control boreholes, the grouting had a sealing effect.

In the second and third grouting fans, the grouting boreholes started leaking a few hours
after the grouting was finished. In order to find the cause of the leakage, the second grouting
fan was grouted again several times. The cause of the leakage remained inconclusive.

Leaking bolt boreholes have been observed on the excavated rock surface. A leakage in the
second grouting fan area has been mapped (0.4 I/min).

The grouting equipment and method was concluded to be functional. More focus should be
placed on the preciseness of drilling the grouting boreholes and on verifying if leakages have
been sealed. Based on these grouting experiments, the smallest sealable fracture hydraulic
aperture using colloidal silica at the final repository depth is approximately 10 um.
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2) Introduction
Grouting was carried out in autumn of 2011 in demonstration tunnel 2 in ONKALO, (Fig.-1)

Fig.-1 ONKALO and the demonstration tunnel 2 (red), where colloidal silica -grouting
were carried out.

Posiva has set strict targets for water inflow into the ONKALO tunnels and shafts as well as
for the disposal facility. The targets are due to the long-term safety of the disposal facility;
too high inflow rates may conduct fresh surface water or draw up deep saline water to
disposal level, and this is unfavourable for the engineered barrier system (EBS). At the same
time, the amount of certain stray materials, especially cement-based, shall be minimised in
order to restore favourable chemical conditions for EBS components.

The targeted inflow limits call for grouts that are able to penetrate into fractures of some
tens of microns in hydraulic aperture. Cement-based grouts cannot penetrate into fractures
with apertures in a range of 50-100 pm or smaller. There are also limitations for the use of
cement-based construction materials; the amount of cement should be minimised, and it
should be of low pH below approximately 300 m depth. Colloidal silica is a good alternative
to cementitious grouts; it is a low pH grout, and it can penetrate into extremely small
fractures (< 100pm).

Colloidal silica is regarded to function well in full scale production. The disadvantages are
high price of colloidal silica and high mass loss. Grouting equipment shall preferably
generate as steady a grouting pressure as possible. A vacuum pump has also been regarded
as a necessity to get the grouting borehole empty of water or air before grouting. Emptying
of boreholes is considered an efficient method of dealing with low inflows irrespective of grout

type.

The targets of the grouting project were primarily that the inflows into the tunnel should be
reduced by the planned methods (achieving targeted penetration lengths), with materials
and techniques that are also considered acceptable for grouting of central tunnels and
deposition tunnels in a future repository. In practice, this means the use of colloidal silica,
design methods based on penetration models of Newtonian fluids, as well as the equipment
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and practices developed in the Aspé TASS-grouting project (Funehag 2008).

The main goal was to show that a sealing of the rock mass can be achieved by means of
colloidal silica grouting. The newly developed methods used in the TASS-tunnel in Aspé HRL
should be adopted to suit the rock mass and equipment in demonstration tunnel 2 in

ONKALO, Finland.

3) Implementation and results
Altogether three grouting fans were applied. These fans were drilled at the tunnel chainages:
e TC48 (short test fan, 7 m)
e TC53 (actual grouting fan, one grouting stage, 20 m long)
e TC65 (actual grouting fan, two grouting stages, 20 m long)

The base design for actual grouting consists of stipulated pressures and grouting times.
There were limitations, which were taken into account in the design. Desired penetration
length was 3 m in the critical aperture (here set to 20 pm based on the design calculations).
20 um comes from requirements and it is conservative (Q = 200 ml/min corresponds to
bhydr~26um)

A summary of the base design is as follows:
e  Grouting pressure (total) = 9 MPa,
e Gel time = 55 min (tolerance +2min is included in the calculations)
e Acceptable borehole filling time < 5 min.
e  Pumping time = 44 min (4/5 of the gel time),
e  Critical hydraulic aperture = 20 pm,
e Results in a theoretical penetration length of ~3.4 m,

With these settings of the grouting technique, the following fan geometry was chosen:

e Borehole distance of 1.3 to 1.5 m,

e The overlap of grout between grout boreholes is close to 100 % seen as the vertical
distance between the boreholes,

e  Borehole length of 20 m,

e Borehole diameter of 64 mm,

e  All boreholes drilled nearly parallel to the tunnel and inside the theoretical tunnel
profile,

e  Minimum overlap of 4 m between grouting fans,

e The boreholes need to be angled from fan to fan in order to avoid starting a new
borehole too close to an old one (the bottom of the borehole from previous fan), due
to the overlap.

The base criteria used in grouting is that full pressure is reached within 5 min, and that the
gel time is within the accepted limits of = 2min. A scale was introduced instead of the flow
meter. The full pressure and the gel time were within the limits. As the project progressed,
minor changes were made.

4) Conclusion
The fan at TC48 was a test fan, where the equipment work procedures were checked. In the
area of fan at TC53 the rock was very tight, and it was questionable if grouting was needed.
Grouting was done several times in the same boreholes, and every time the boreholes started
to drip after packers were removed. There were problems both with borehole deviations and
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with equipment. The reason for leaking is still unknown. However, re-grouting the same
grouting boreholes was considered a futile operation. Grouting at TC65 was done with the
split spacing technique, which leads to a very good sealing effect, and at least as good as in
Swedish tunnelling projects, where colloidal silica was used as grout. Behaviour of colloidal
silica was mainly as expected, and gelled colloidal silica was observed in boreholes. However,
grouted boreholes started to drip again. Grouting equipment and the vacuum pump generally
functioned well.

The grouting at demonstration tunnel 2, especially at TC65, clearly shows that a “tight” rock
can be sealed even tighter. We are most likely dealing with channelled flows, which need be
addressed with special consideration. The achievements of grouting cannot produce a fully
tight tunnel, and this needs to be clear to everyone dealing with grouting. A methodology
needs to be developed for showing if the targets have been reached or not. It should include
devices for measuring very small flows.

Besides having taken a lot of effort and resources to reach these results, the gained
knowledge from this project suggests that another design for grouting can be devised.
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(2) [a-10] Grouting of shaft intersecting deep underground hydrogeological
zones HZ20A & HZ20B in ONKALO underground research facility, Olkiluoto 24)

1) Abstract

The excavation of the underground nuclear waste repository in the deep bedrock presents a
challenge of minimizing inflow to prevent unfavourable changes in hydrogeology and
groundwater chemistry, e.g. upcoming of deep strongly saline groundwater of infiltration of
shallow waters into the bedrock. This paper focuses on grouting of the shafts (inlet and
exhaust air shafts and personnel shaft) that intersect the hydraulic zones HZ20B at -300 to
-400 metres above sea level.

Posiva and Rockplan have developed strategies on how to group grout, how to verify the
sufficiency of the grouting results and, if necessary, to design post-grouting strategies to
restrain the inflow into shafts. In the control holes the inflow limit is set to 0.2 I/min to assure
the 5 I/min criteria in the open shaft after the raise boring.

The paper includes earlier phases of cement grouting, control and development of the work
method, and brief review of a new silica grouting method.

2) Inflow requirements

The exaction of Onkalo and the repository may disturb the local groundwater conditions. If
the inflow into the facility is too high, the pressure changes will raise the level of the highly
saline groundwater, (currently below -500 metres) and the possible upcoming is estimated to
be a risk to the functioning of the repository.

The maximum inflow set for the ONKALO extent is 80 1/min. The maximum total allowed
inflow from all current and future HZ20 intersections is 40 1/min, which is modelled to
prevent the rise of the deep saline groundwater. Currently the ONKALO inflow is between
30 to 35 I/min and has stayed at that level since the 10-15 I/min increase when HZ20-zones
were intersected with the access tunnel early in 2009. The final inflow from HZ20 will be
known after all the shafts are raise bored.

A crucial factor in keeping the total inflow within acceptable limits is the successful grouting
of the shafts" intervals below the -290m level, which have the inflow have the inflow limit of
5 1/min per shaft. The threshold values may change as more information on groundwater
behaviour is gained.

3) Silica grouting

Silica grouting has been utilized successfully in ONKALO at the connection tunnel leading
to the repository level. The method developed by Rockplan and Posiva includes the
preliminary step of injecting the fractures in bedrock with fresh water to prevent the contact
of saline deep groundwater and silica grout. This was necessary because it was observed that
silica entering a fracture filled with saline groundwater would flocculate rapidly and
prematurely. The new method is described in more detail in the poster “Silica grouting in
deep underground saline conditions in ONKALO underground research facility, Olkiluoto”.

4) Conclusion

The grouting has been successful, considering the challenging environment and the strict
limits set to the inflows. The need to create new procedures to improve the grouting results
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has given several new tools, which can be used in other projects.

The improvements in silica grouting (presented in further depth in poster “Silica grouting in
deep underground saline conditions in ONKALO underground research facility, Olkiluoto”)
are likely to be the keystone in achieving the desired inflow of 0.2 1/min in control holes.
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(3) [a-11] Silica grouting in deep underground saline conditions in ONKALO
underground research facility, Olkiluoto '

1) Abstract

The excavation of the underground research facility ONKALO by Posiva in part of the final
disposal facility related site investigations carried out in Olkiluoto, Finland. One of the key
issues for the long term safety of the future underground repository is groundwater inflow
management. It is also important to keep inflow and foreign reagent substances in the
surrounding bedrock to minimum.

Grouting with silica in the saline environment has previously not yielded very good results
(e.g. TASS tunnel at Aspo which required a remarkably dense grouting fan to achieve result
1)), and the small fracture apertures make cement grouting non-ideal. Rockplan and Posiva
have developed a method for grouting with silica in saline groundwater conditions that has
yielded extremely good results, as it prevents premature flocculation of the silica and thus
ensures a good permeability. A tunnel from the research facility to the storage level was one
of the first locations where it was used and this article illustrates the main results of that
grouting.

2) Pre-grouting with water injections

It has been observed both in the field and in laboratory tests that colloidal silica grout can
react with a saline groundwater. In saline conditions a rapid reduction of grout flow into
boreholes during grouting and poor sealing results have arguments to exclude the possible
negative influence of the saline groundwater. The proposed solution was to replace saline
groundwater with fresh water. This was done by injecting the holes with fresh water at high
pressure. By this method the fresh injected water pushes the saline water further away from
the hole and from the close vicinity of the holes. Fresh water acts as a buffer between silica
grout and saline groundwater.

The minimum pressure of water injections is depended on the groundwater pressure, but in
practice 80-90 bar pressure was used in tight bedrock. The time limits is set such that the
total target time of the preliminary steps before grouting is shorter than the duration of fresh
water injection. This is intended to ensure that the pressure of the saline groundwater
doesn’t force the fresh water out of the rock joints before silica grouting can begin, and that
the silica grout will not encounter saline water prematurely.

The hole being grouted was emptied of water by using pressurized air instead of vacuum to
prevent the fresh water being sucked out from the joints. All holes not being operated
simultaneously must have their packers closed. Utilizing the time in full ensures a relatively
dry borehole, so that the silica does not dilute.

3) Conclusion

The improvement of using fresh water injection into the fractures before silica grouting yields
a good result in grouting tight fractures in saline environment. In previous locations the silica
mass consumption into the rock was minimal even though there was a water inflow. The
gelling behaviour of the silica during grouting was unpredictable, and the grouted holes still
had significant water inflow after the grouting severe leaking in the excavated tunnels was
observed.
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By using grouting with fresh water injections prior to silica grouting the mass consumption
had a strong correlation with the water inflow. Additionally, the grouted hole only had none
or only a minimal inflow afterwards and all the silica mass in the holes was gelled perfectly.
The tunnel was concluded to be nearly dry after excavation.
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(4) [a-12] Low-pH Injection Grout for Deep Repositories, Summary Report
from a Co-operation Project Between NUMO (Japan), Posiva (Finland) and
SKB (Sweden) 2%

1) Abstract

This report summarises results achieved in the joint SKB, Posiva and NUMO project
“Injection grout for deep repositories”. The work has been carried out in four sub-projects
with SKB and Posiva as responsible for two sub-projects each. This report summarises the
original reporting. Posiva was responsible for the studies on low-pH cementitious grout, while
SKB was responsible for the studies on non-cementitious grout. The work was done by
literature surveys, laboratory analyses and field tests.

A result of the project is that there are both low-pH cementitious material for grouting larger
fractures (> 100 um) and non-cementitious material for grouting smaller fractures (< 100 um)
that will, after further optimisation work, be recommended for grouting of deep repositories.
This project concentrated on the technical development of properties for the low pH grouts.
Long-term safety and environmental aspects and durability of materials were preliminarily
considered. Continued evaluations have to be carried out.

The non-cementitious candidate materials were investigated regarding basic properties and
long-term safety aspects in order to form the basis for the decision whether silica sol can be
used in the deep repository and whether periclase (MgO) should be further investigated. In
a small field-test it was also investigated if the penetration of silica sol (a Newton fluid) can
be predicted based on hydraulic tests, transmissivity and hydraulic aperture.

Silica sol, colloidal silica, is a stable dispersion of discrete nonporous particles of amorphous
silicon dioxide (Si02). The product tested in this project, Eka Gel EXP36, has a particle size
of around 14 nm. When used as injection grout, the silica sol particles shall aggregate and
form a solid gel at the set time. This is controlled with addition of salt, normally sodium
chloride (NaCl) or calcium chloride (CaCl2). The concentration of the accelerator (salt)
depends on the properties of the environmental conditions, e.g. groundwater flow, water
temperature, salinity of the surrounding water, etc and on the time required for the sol to gel.
When using NaCl, the concentration of the accelerator in solution is normally around 10%.
If calcium chloride is used as accelerator, the total chloride concentration is reduced some
75%. Both a higher salt concentration and a higher temperature give a shorter gelling time.

Rock grouting with silica sol is a relatively new application. Silica sol has been used for soil
grouting in e.g. Japan. The Japanese experience is that colloidal silica is a durable grout.
Test results show that samples were impermeable during a test period of more than 11 years,
and that it achieved increasing strength in saline water. Since there was little known about
the basic mechanical properties of silica sol, these were investigated at Chalmers University
of Technology using standard methods for concrete and geotechnical testing and the test
specimens were cured in four different environments.

No significant release of colloids is foreseen because the Ca and Na ion concentration in the
groundwater is expected to be high enough to suppress colloid formation. The salt used as
accelerator will not affect the salt levels in the groundwaters expected in the Finnish and
Swedish sites. The long-term stability of silica sol gel has not been clearly demonstrated and
it’s favourable to gain a better understanding of its durability and mechanical properties
before it can be recommended for repository grouting. Experiments with silica sol and sand
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columns show that by assuming that the hydraulic aperture is a good estimate of the aperture
of a fracture, the results from the sand column test can be applied to interpret both the
penetration length in fractures and the grout characteristics themselves.

2) Introduction

When constructing a deep repository, the use of common construction materials, as steel and
concrete, are foreseen. With respect to the repository long-term safety, a suitable chemical
environment is vital. The use of low-pH products is necessary in order to get leachates with
a sufficiently low pH (< 11). Hence Posiva from Finland and SKB from Sweden carried out a
pre-study in 2001. The feasibility study was carried out in 2002 — mid 2003. Apart from
Posiva and SKB also NUMO from Japan sponsored the studies. The feasibility study is not
reported in a referable report.

As a result of the feasibility study, the participating companies found it necessary to separate
the development of injection grouts into two types, one for larger fractures, i.e. hydraulic
aperture > 100 pm, and one for smaller fractures, i.e. hydraulic aperture < 100 um. In June
2003, the three participating companies NUMO, Posiva and SKB launched the here reported
project “Injection grout for deep repositories”. The results in this report are based on research
mainly performed at Chalmers University of Technology, Sweden and VTT (Technical
Research Centre of Finland), Finland. The objectives of the current project were to:

- Develop cementitious grout recipes for larger fractures, i.e. hydraulic aperture > 100
um that gives a pH < 11 in the leachate. Further the grout should be verified in the
field, showing that it fulfils requirements on workability and penetration.

- Develop low-pH non-cementitious grouts for smaller fractures, i.e. hydraulic aperture
<100 pm.

- Test grouting with silica sol in earlier cement grouted fracture at the Asps HRL.

3) Non-cementitious low-pH injection grout for smaller fractures

The text in this section is based on the referable reports (Axelsson, 2004; Funehag,
2004a,b; Funehag, 2005) and on non-referable reports and memos written by Dr.
Hiroyoshi Ueda (NUMO), Dr. Bérje Torstenfelt (SwedPower AB), Mr. Kalle Pettersson
(SwedPower AB) and Dr. Mats Jansson and Dr. Maria Atienza (KTH, the Royal Institute
of Technology).

Grouting of smaller fractures, hydraulic aperture < 100 pm, is anticipated to be done
with non-cementitious low-pH grouts. The objectives of the sub-projects SP2 and SP4
were to investigate basic properties and long-term safety aspects of the non-cementitious
candidate materials, to form the basis for the decision whether silica sol can be used in
the deep repository and whether periclase (MgO) should be further investigated. Further,
it was investigated if the penetration of silica sol (a Newton fluid) can be predicted based
on hydraulic tests, transmissivity and hydraulic aperture.

The laboratory work was carried out at Chalmers University of Technology while a
literature review on silica sol was carried out by NUMO and environmental acceptance
and long-term safety studies were carried out at SKB, the Royal Institute of Technology
in Stockholm (KTH) and Swedpower. Further Swedpower carried out a short review on
periclase grouting.
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A small field-test was carried out by Chalmers at the Aspé HRL.

4) Main findings on testing of silica sol

The field-tests at the Aspé HRL aimed at investigating the transmissivity and penetration of
silica sol (a Newtonian fluid) in a small fracture, aperture 40—50 pm. The fracture has earlier
been grouted with cement (a Bingham fluid), resulting in a very limited penetration. The
methods for predicting/estimating the grout penetration were hydraulic tests, visual
observation of the cores and microscopy analyses.

The visual observation showed that five of total six cores had traces of silica sol. All cores
were drilled within the predicted penetration length. One core did not show any traces of
grout even though cores further away did. The use optical brightener is not the best tracer
because particles may cause some clogging. Other tracers, e.g. Uranine, should be considered
in future research, but laboratory work needs to be carried out to see that it does not affect
the properties of the grout.

5) Conclusion

The basic mechanical properties of silica sol were investigated. No requirements were set on
this grout, except that it should be possible to grout fractures smaller than 100 um and that
the leachant pH should be below 11.

The project has not carried out any pH measurements on silica sol leachates, but the
manufacturer states that pH is 9.5-10. Silica sol is colloidal silica in a stable dispersion of
discrete non-porous particles of amorphous silicon dioxide, SiO2 with 5-100 nm particle
diameter. The particles in the tested product Eka® Gel EXP36 have a diameter of 14 nm.
Adding a salt, sodium chloride and calcium chloride, makes the silica sol particles aggregate
and form a gel.

Rock grouting with silica sol is a new application, but some successful minor rock grouting
tests had been performed in Sweden at the start of the project. Silica sol has been used for
soil grouting in e.g. Japan, where durability, penetration properties and controlling of gel
time have been identified as key issues. More than 11 years of permeability tests on grouted
sand columns indicate that silica sol is a durable grout (Yonekura, 1996).

Silica sol is ductile at the beginning of the hardening process and gets more and more brittle
as strength increases. This strength increase continues over a long time. In the laboratory
tests it was found that the strength increase and shrinkage are highly depending on ambient
temperature and humidity. A high temperature and/or low humidity make the strength
development faster. Silica sol also has a tendency to shrink in low humidities. The shrinkage,
after six months in 8°C and 75% relative humidity, can be as large as 25%. The results of the
tests that were carried out to imitate drying out of silica sol in a fracture are not fully
understood. After breakthrough of water, the leakage decreases over time.

Change of humidity in a tunnel and fracture is likely to occur. In order to gain a better
knowledge of climatic influences on silica sol behaviour it would be favourable to further
investigate strength development and drying shrinkage followed by wetting again, at
different humidities and temperatures.
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Colloidal silica seems to be a feasible material to seal very small fractures (< 0.05 mm). The
gel is sufficiently stable to prevent water flow through the sealed fractures. This can be
concluded after other studies carried out during 2—3 years, a time put in relation to the time
the tunnel in question is to be open. No chemicals are foreseen released in concentrations
that would be harmful to the environment.

Colloid formation has been found small in laboratory tests, less than 1 ppm, and is likely to
be suppressed by the high enough content of ions (Ca, Na) in the groundwater.

The long-term stability of silica sol gel has not been demonstrated. The anticipated salt
amounts originating from the accelerator are not expected to cause any problem as
groundwaters at repository level also have substantial salt concentrations.

The studies presented in this report have given a better understanding of the gel behaviour,
but those studies need to be complemented. The minor field-test carried out in a drained rock
pillar at Asps HRL showed that it is possible to grout, calculate and predict grout spread in
fractures that could not be grouted with cement.

Silica sol is acceptable from an environmental and long-term safety point of view. The long-
term stability of the product needs to be evaluated. However, it is favourable to gain a better
understanding of the durability and the mechanical properties to be able to make a proper
grouting design before it is recommended for repository grouting.
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(5) [a-13] Control of Water Inflow and Use of Cement in ONKALO after
Penetration of Fracture Zone R19 26

1) Abstract

The construction of ONKALO, the underground rock characterisation facility at
Olkiluoto, started in summer 2004. The potential disturbances due to construction of
ONKALO, which were assessed prior to construction, have been reassessed in this report.
The identified disturbances due to the construction of ONKALO were the drawdown of
the groundwater table, and intrusion of surface water and upconing of deep saline
groundwater. The intrusion of surface water would lead to reduced pH and redox
buffering capacity of the rock. The latter would lead to locally high salinity levels that
may negatively impact the performance of the buffer bentonite and backfill.

This report comprises the observations for the first 670 m of access tunnel (reached in
September 2005). The measured water inflow (1.7 I/min/100 m of tunnel) has remained
well within the set target (1 — 2 I/min/100 m of tunnel). Grouting has been used as a
measure to minimize water inflow.

The performance of the currently used ordinary cementitious grout and of the proposed
new grouting materials (low-pH cementitious grouts and colloidal silica) has been
evaluated. It is recommended that the use of the current grouts be continued while
grouts based on low-pH cements and non-cementitious materials are being developed
and tested. Clear acceptance criteria and peer review of new materials performance need
to be adopted before adopting new materials.

2) Introduction

The suitability of Olkiluoto for the location of a spent fuel repository has been investigated
over a period of fifteen years by means of ground and airborne methods and from shallow and
deep (300 - 1000 metres) boreholes. The construction of ONKALO, the underground rock
characterisation facility at Olkiluoto, started in summer 2004. The first estimate on the
potential disturbance due to the construction of ONKALOQ was assessed in Vieno et al. (2003).
The first version of an integrated.

The identified disturbances due to the construction of ONKALO are the following:

In case of no sealing of rock: drawdown of groundwater table, and intrusion of surface
waters leading to reduced buffering capacity of rock (pH, redox), and upcoming of deep
saline groundwater, which may lead to locally high salinity levels that may be harmful
for the buffer bentonite and backfill.

In case of sealing of rock by cementitious materials: formation of a high pH plume
originating from cement, and its effect on the transport processes in the geosphere and
the performance of the EBS.

The aim of this study is the updating of the estimates on the geohydrological and geochemical
disturbances based on the new site data and the results from monitoring. Recommendations
and justifications for the practises to be adapted after penetration of RH19B from the long-
term safety point of view are also made.

3) Knowledge and experience gained from the construction of ONKALO

There are numerous alternatives for grout mixes in tunnelling. Grout mixes can be divided
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into cementitious grouts and chemical grouts. The so-called chemical grouts include a wide
range of chemically different grouts. These can be divided into gels (silicates, acryl amids,
acrylates, lignosulphonates) and into resins (aminoplasts, fenoplasts, epoxy and
polyurethane) (Axelsson & Nilsson 2002, Andersson & Sellner 2000, Andersson 1998).

Most of the chemical grouts were out of consideration because organic materials should be
avoided in the construction of ONKALO, and thus only cementitious grouts and silicates were
left. Sodium silicate (water glass) is not chemically stable, and it is suitable only when short-
term water tightness is required. Colloidal silica is promising, but the experience of it is very
limited. Thereby, cementitious grouts were considered to be suitable as the main grout
material.

The target for water inflow is tight, which means that fractures with small aperture have to
get sealed. This requirement limited the suitable cements to the group of microcements, of
which d95-grain size is less than 20 pm. Also sulphate resistant cements were preferred,
which left only a couple of commercial products. Ultrafin16 is generally considered to have
good penetration ability, and it was thus selected for use in ONKALO.

4) Development and testing of non-cementitious grout for fractures with small

apertures (< 50 pm)

Colloidal silica is a new grouting material that has a great potential to penetrate narrow
fractures. The main experiences of colloidal silica are from grouting of soil in geotechnical
applications.

The colloidal silica tested within the project “Injection grout for deep repositories” consisted
of 35 wt.% SiO2 and the accelerator used was CaCl2 (2.9 wt.%); pH was around 10. The
colloidal silica was stabilised with A1203 (0.8% by weight of Si02).

The key questions related to the performance of the colloidal silica are related to the
following:

Development of basic mechanical properties of colloidal silica with time, such as drying
shrinkage, flexural strength, compressive strength, and shear strength

Penetration ability

Eventual release of colloids from colloidal silica.

Based on the studies performed (Bodén & Sievinen 2005), colloidal silica seems to be a
feasible material for sealing fractures with very small apertures (<50 ¥m). The gel is
sufficiently stable to prevent water flow through the sealed fractures. However, the drying
out of colloidal silica in a fracture is not fully understood. The long-term stability of colloidal
silica gel has not been clearly demonstrated and it will be advantageous to gain a better
understanding of its durability and mechanical properties before recommending it for
repository grouting.

Within the new SKB-Posiva-NUMO co-operation project “Premises for optimisation of low-
pH grouts” SKB/Chalmers will study the identified critical issues during the earlier project
phase, such as the effect of variable environmental conditions (drying shrinkage, effect of
humidity, strength development). The plan is also to include detailed studies on the molecular
development of hardening colloidal silica. Also the setting time and gelling time need to be
evaluated.
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5) Conclusion

Experiences from colloidal silica are so far based on laboratory testing of shrinkage and
strength properties and field-testing in two tunnels in Sweden. The penetration ability of the
material is expected to be into fractures with apertures less than 50 p m. A clear benefit as
compared to the other cement-based grouts is that there is no need for a superplasticizer.
Strength is a material property needing more effort. Strength is very much dependent on the
environment, e.g. the development of longer-term compressive strength is much slower when
compared to that of the low-pH cementitious grout.

With regard to the management of the groundwater inflow into ONKALO, the following
options were considered:

All grouts, cementitious or not, are to be used, but in smaller amounts.
Colloidal silica will be especially used for fractures with very small apertures.
Later, if other materials become available, they might be used as well.

Recommendations: Development and testing of complementary grouting materials, such as
colloidal silica, for smaller fractures should also be continued. Better understanding of its
durability and mechanical properties is needed before it can be recommended for ONKALO
or repository grouting. It is likely that a combination of low-pH cementitious grout and
colloidal silica will be needed in the future.
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(6) [a-14] Pre-grouting test in Nygard tunnel — Silica Sol in practical use 27

1) Abstract

This final thesis deals with grouting of rock caverns. In this final thesis is examined pre-
grouting by Silica Sol and compared that with grouting by cement view point of method of
work, time management and results.

Both cement grouting and grouting by Silica Sol were examined in Sweden, Nygéard-tunnel,
where is made observations of method of work, disturbances, time management and wastages.
Information about need and importance of grouting, grout and facilities were studied from
literature.

This final thesis reveals that method of work which is used in grouting test, is not practical
grouting method to Lemcon Ltd. By improving the working method of grouting and
developing facilities, pre-grouting by Silica Sol could be practical method of work.

2) Introduction

Time management and wastages required by pre-grouting can be estimated based on
feasibility studies carried out during design phase. However, estimating work is very
imprecise.

In Sweden, the contracts based on unit prices are often used in rock construction projects.
For this reason, the grouting works may cause losses for contractors, in case if changes in the
number of units should be considered. In case there is no possibility of the risk mentioned
above, the unit prices for grouting works might be smaller. A work phase with smaller risks
would be better for client and contractor alike.

The aim of this thesis work was to study the use of Silica Sol and to compare it with the
cement grouting from the point of view of work methods, time management and results.
Based on pre-grouting tests carried out in Sweden, this thesis work is aiming to give the
answers for the following questions:

How Silica Sol differs from cement grouting used nowadays?

What Silica Sol requires from the equipment?

How the use of Silica Sol affects the use of resources and duration of works?

How the time used for grouting works depend on the rock qualities?

Does Silica Sol decrease leakages?

Is this method appropriate, effective, and practical for grouting work with the equipment
and resources provided by Lemcon Oy?

The pre-grouting with Silical Sol was planned by the owner of the project (Banverket) and it
was just one possible way of using this grouting material.

3) Colloidal silica grouting

In pre-grouting test carried out in a Nygard tunnel, a milk-white product called Meyco MP
320 is used as a colloidal silica material.

The product has been tested in different sites all over the world, including Ireland and
Sweden. In Ireland, the product was used for reinforcement of sandy and silt soils around the
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mineshaft. In Géta tunnel in Goteborg, the product was used for pre-grouting purposes due
to very demanding conditions on site.

For the pre-grouting tests in Nygard tunnel, the same equipment was used for grouting
works as well as for cement grouting within the same project. The pre-grouting test was made
in Nygard tunnel, with pile intervals 436+723-436+633, i.e. the total length of the grouted
area was appr. 90 m. Three first fans were chosen for this thesis work as a sampling unit.
During the test, five fans were grouted in a railway tunnel starting from pile interval
436+723-436+699. In one fan, there were 40 grout boreholes, 24 m long each. The boreholes
had the same direction outside the tunnel profile as the boreholes that were used for the
cement grouting.

It was decided during the test that the boreholes located in the lowest part of both sides of
the tunnel should be grouted with cement and other with colloidal silica. As a rule, there
were 19-21 boreholes grouted with cement in one fan, the rest of boreholes were grouted with
colloidal silica.

4) Comparison of working practices

There are significant differences in work methods. In traditional work method, only one
grouting substance is used, whereas in pre-grouting test two grouting substances were used.
Using of two grouting substance causes additional washing when for example cement is
changed to colloidal silica. Equipment should be washed thoroughly in order to prevent
setting of substances and therefore causing problems. Also, short setting time of colloidal
silica requires additional washing, a mass prepared for one borehole cannot be used in
another borehole as the setting process of material will start after a short period of time after
mixing it with accelerator.

5) Conclusions
The method that was tested is not appropriate, efficient neither practical grouting method
for grouting works with equipment used by Lemcon Oy. Table-1 shows the advantages and
disadvantages of grouting with cement and colloidal silica.

Table-1 Advantages and disadvantages of grouting with cement and colloidal silica.
Grouting with cement Grouting with colloidal silica
Advantages: Advantages:
the price of material short setting time
the method is well known good penetrability
Disadvantages: Disadvantages:
bad penetrability the price of material
long setting time the method is not known
equipment washing

The high price of material and high wastage percentage are the most essential reasons why
the method used in pre-grouting test is not appropriate. The best and biggest improvement
would be the renewal of grouting equipment. A new pump that would allow to pump into
borehole two different substances simultaneously should be developed.
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(7) [a-16] Silica Colloids and their Effect on Radionuclide Sorption —
Experimental Study 2%

1) Abstract

Non-cementitious grouts have been tested in ONKALO for the sealing of fractures with the
small hydraulic aperture. A non-cementitious inorganic grout material for sealing the
fractures of the apertures less than 0.05 mm is colloidal silica called silica sol. In this work,
the release of silica colloids from the silica sol gel, the stability of silica sol colloids and
sorption of Europium—152 on silica sol colloids were determined in saline OLSO and low
salinity Allard groundwater simulates, de—ionized water and NaCl and CaCl2 solutions. The
salinity of groundwater had a significant influence on the release and stability of silica
colloids. In OLSO, particle size distribution was at first wide from nanometres to thousands
of nanometres. According to the disappearance of large particles, aggregation and
sedimentation had been occurred after one year. Zeta potential values around zero indicated
the instability of colloids. In Allard, particle size distribution was narrow and the particle
diameter remained less than 60 nm. High negative zeta potential values were in accordance
with the existence of stable silica colloids. Europium sorption on silica sol colloids was
significantly dependent on solution pH. The Kd—values were 2—10 m3 kg-1 for OLSO pH 7-
8 and Allard pH 8-9 and 100-140 m3 kg-1 for OLSO pH 10-11. In OLSO pH 10-11 samples
Eu-152 was rapidly sorbed onto silica sol colloids and measured radioactivity in a liquid
phase was at the background level resulting in inaccurate Kd determination.

The concentrations of the released silica colloids were some higher than concentrations of
natural colloids determined in granitic groundwater. The main uncertainties remain in the
quantification of colloid generation under realistic repository conditions and how mobile
colloids are. Irreversible sorption on silica colloids may increase radionuclide transport if
colloids are sufficiently stable. Under the prevailing medium saline to saline groundwater
conditions in Olkiluoto, no significant release of colloids from silica sol is expected but the
possible influence of glacial melt waters and the synergy of bentonite and silica colloids has
to be considered.

2) Introduction

In the underground rock characterization facility ONKALO, final disposal technology is
tested in actual deep underground conditions. Cement is predominantly used for permeation
grouting in hard rock. Because of high pH value which can be harmful for the Engineered
Barrier System (EBS) (Boden and Sievinen 2005) and limitation in penetration for cement-
based grouts, non-cementitious grouts have been tested in Olkiluoto for the sealing of
fractures with the small hydraulic aperture (Arenius et al. 2008).

Colloid-facilitated transport of radionuclides may significantly contribute to the long-term
safety performance of a spent nuclear fuel repository. In colloidal system solid particles from
1 nm to 1 pm in diameter are dispersed in liquid to form suspension. Due to surface charge,
a high surface-to-volume ratio and low diffusivity, colloid transport is significantly different
to that of a solute. Several studies have indicated radionuclide, especially actinide sorption
on colloids and the mobility of radionuclides attached to colloids (Puls and Powell 1992; Vilks
and Baik 2001; Yamaguchi et al. 2008). Field-scale studies at hazardous waste sites have
evidenced that colloid transport can enhance the actinide migration (Buddemeier and Hunt
1988; Kersting et al. 1999; Novikov et al. 2006). Objective of this experimental work was to
determine colloid release from the silica sol gel, the stability of silica colloids in different
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groundwater conditions and radionuclide sorption on silica colloids.

3) Experimental

The silica sol and NaCl accelerator proposed to be used by Posiva has the brand name
“MEYCO® MP320” (EKA Chemicals). Grout consists of a sol of colloidal silica and a salt
solution called accelerator. Silica sol is a stable suspension of amorphous particles of silica
[Si02], which builds randomly distributed [Si04]4- tetrahedra (Iler 1979). The particles have
hydroxylated surfaces, which are insoluble in water. Colloidal silica is manufactured from of
quartz and NaCl heated and diluted with water to make a liquid. The colloidal particle size
is normally 5-100 nm. The size and shape of dried silica sol colloids were determined by
scanning electron microscopy, FESEM. The average pH of the solution is 9.4 and viscosity of
the sol is similar to water.

Groundwater simulates used, were the saline OLSO (Vuorinen and Snellman 1998) and low
salinity Allard (Allard and Beall 1979). Initial pH values were adjusted to 7—11. Silica sol gel
samples were made by mixing 4 mL silica sol and 1 mL accelerator in a 15 mL plastic
centrifuge tube. After 45 min final setting time, 10 mL groundwater simulate or electrolyte
solution was added on top of gel. The release and stability of colloids were followed by taking
samples after about one month, half year and one year. Release of colloids from silica gel was
followed by analyzing solution pH, particle size distribution, colloidal silica concentration and
stability of colloids identified by measuring zeta potential.

Stability of silica sol colloids was followed in de—ionized water (MilliQ) and OLSO and Allard
groundwater simulates. The stability of colloids was surveyed by measuring particle size
distribution, particle concentration and zeta potential as a function of time.

4) Results and discussions

At the beginning, pH was stabilized predominantly due to atmospheric CO2. After one year,
measured pH values were increased likely due to hydroxide ions produced in the dissolution
of silica. Difference in pH values between OLSO and Allard is explained by calcium and
sodium ions present in saline OLSO in which calcium hydroxide and sodium hydroxide is
produced resulting in lower pH values in OLSO.

Particle size and zeta potential in MilliQ samples was rather stable except the most two
diluted solutions. These results also confirmed that the release and stability of silica colloids
depend significantly on groundwater salinity. In saline OLSO, colloidal particle size
distribution was wide from nanometre size to thousands of nanometres. The disappearance
of large particles and decrease in colloidal silica concentration during an experimental time
and a zeta potential near zero suggest flocculation or coagulation. In low salinity Allard
samples, particle size distribution was rather constant over an experimental time period and
mean particle diameter remained less than 100 nm. Zeta potential decreased with solution
pH. Negative zeta potential values indicated the existence of stable silica colloids. Decrease
in colloidal silica concentrations and increase in the occasionally measured reactive silica
indicated dissolution of silica colloids.

5) Conclusions

The concentrations of the released silica colloids were some higher than the
concentrations of natural colloids determined in granitic groundwater. The long-term
stability of silica sol gel has not yet been clearly demonstrated and a long-term release
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of silica colloids cannot be excluded. The bentonite buffer used in the EBS system is
assumed to be a potential source of colloids and the synergy of bentonite and silica
colloids are still unclear. The potential relevance of colloid-mediated radionuclide
transport depends on colloid stability and mobility in different geochemical
environments. The main uncertainties remain in the quantification of colloid generation
under realistic repository conditions and how mobile colloids are. Irreversible sorption
on silica colloids may increase radionuclide transport if colloids are sufficiently stable
and thus mobile. Under the prevailing medium saline to saline groundwater conditions
in Olkiluoto, no significant release of colloids from silica sol is expected, but the possible
influence of glacial melt waters has to be considered.
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(8) [a-17] R20 Programme: Development of Rock Grouting Design,
Techniques and Procedures for ONKALO 30

1) Abstract

The Grouting Technique —project INKE) studied the grouting experiences obtained from the
first 2 km of the ONKALO access tunnel, searched for suitable grouting design approaches,
carried out two grouting tests and one pilot grouting test with colloidal silica in ONKALO,
analysed the expected grouting conditions in deep rock from the grouting point of view,
studied the feasibility of so called optimal design solution in the expected grouting conditions.

The ideal grouting design solution (in this project: the use of low pH cementious grouts,
grouting holes inside the tunnel profile, limited grout take) from the long term safety point
of view and the feasibility of it in different rock conditions is presented, but it can be used
seldom, because fractures are typically very small. The alternatives are to direct the grouting
holes outside the tunnel profile, to use higher grouting pressures or to develop thicker and
thinner grout mixes and take colloidal silica in use. The last alternative is recommended.

2) Introduction

It was decided before the construction that grouting will be the primary measure to control
the groundwater inflow into the tunnels. The achievements and the strategy of grouting was
evaluated earlier, when the major water bearing structures called RH19 at the depth level of
about -100 m were intersected (Ahokas et al. 2006). The suggestion was made to develop
grouting further for better control of water ingresses.

Those recommendations resulted in Posiva Oy's decision to set up the R20 programme for
the years 2006 - 2008. The programme is a R&D scheme with an objective to enhance the
control of water inflow by grouting. The programme shall come up with a feasible grouting
methodology, which can be applied after intersecting the group of water bearing RH20
structures at the approximate depth of -70 m.

The R20 programme (Hansen et al. 2008) consisted of three projects covering the following
areas (the project abbreviation in brackets):

1. Long term safety issues related to the controlling of water inflow (IPA),
2. Technical properties of grouting materials (IMA) and
3. Development of grouting design, techniques and procedures (INKE).

This report describes the outcome of the INKE project and presents the outcome of various
subtasks as well as puts forward a suggestion for a grouting method for future.

3) Experiences from the field tests

Three grouting tests were performed in ONKALO during the year 2007. The first grouting
test was performed in the ONKALO access tunnel with cement-based low pH grout. The
second grouting test was carried out in the personnel shaft 1. This test was divided into three
stages and the low pH grouts were used. The third grouting test was a pilot test with colloidal
silica.

Concluding remarks about the pilot test with the colloidal silica:

- 114 -



JAEA-Research 2017-013

Plenty of first hand practical experiences were obtained,

- Water pumps and water flow gauges used in conventional way to determine loss were
not suitable in these rock conditions with quite a poor conductivity,

- Results cannot be considered reliable, and to draw any conclusions on grouting is
difficult,

- Also, small grout flow was nearly impossible to observe due to too poor accuracy of the
grouting equipment (0.0 dm3/min) and

- The reading accuracy of the flow meters should be 0.01 dm3l/min.

4) Discussion and synthesis

Many practical hints for operating with colloidal silica were obtained in the pilot field. These
apply to e.g. its sensitivity to impurities in the mixers, the accelerator quality and the dosing,
the practical range of the operating time, the operating time considerations, when designing
the grouting and the work phases, the storage of the components, etc. It was hard to remove
all the silica from the grouting holes (in order to fill them with the cement paste later).
Because the content of the accelerator has a great impact to behaviour of the colloidal silica
and the practical operation times, the question, how to seal relatively large fractures under
high water pressures with this material aroused. In order to get the material to gel fast
enough, the accelerator content should be relatively high, which means that the practical
operation time for the grouter will be very short. The beaker test did not work as a method
to follow the early age strength development of colloidal silica, because the conditions
prevailing in rock differs significantly from those in a tunnel.

The grouting with accelerated mixes and especially with colloidal silica should be trained
more, because there are limitations concerning the time frame the material properties
remain within workable limits.

5) Conclusions and recommendations

Pre-grouting is recommended to be the main way to seal the rock. In order to enable fluent
and cost efficient tunnel driving, the use of typical designs for the expected rock conditions is
recommended. The major structures like the RH19 and the RH20, the shafts, the post-
groutings, the cases where a leaking fracture intersects the tunnel drift, should be designed
individually. According to the study performed, the fractures down to the hydraulic apertures
of 100 - 200 um can be sealed with the cementitious low pH grouts and having the grouting
holes inside the tunnel profile (to minimise the grout remaining in rock). However, these
fractures occur very sparcely in the ONKALO bedrock, and usually the alternative design
solutions have to be searched. Those are: the use of colloidal silica instead of cementitious
grouts, the grouting holes outside the tunnel profile or having high grouting pressures. Out
of these choices, the use of colloidal silica and the grouting holes outside the tunnel profile
are recommended. The development of thicker cementitious grouts for intersection of the
major hydrogeological structures is recommended.
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(9) [a-18] Impact of groundwater salinity on penetration of colloidal silica 3"

1) Abstract

The aim of this bachelor’s thesis was to study the impact of groundwater salinity on
penetration of colloidal silica, i.e. to observe and to follow in the laboratory tests how salty
groundwater affects the penetration of grouting mass, colloidal silica. In addition to
description of laboratory tests, their implementation and results, this work describes also
material properties of colloidal silica, its operating principles and penetration problems
detected during in-situ grouting. Also, the requirements set by final disposal of nuclear waste
for grouting masses used in the rock as well as waterproofing achieved as a result of their
use are presented in this bachelor’s thesis.

For this bachelor’s thesis, some sand column tests were carried out. Two pipes located next
to each other were filled with sand and afterwards with water with different salinity degree.
One pipe was filled with fresh water and another one with groundwater that was prepared
artificially specially for this test. The space that was left between the sand grains simulates
the geometry of natural fractures in the rock. The hypothesis was that colloidal silica would
penetrate in pipes simulating rock fractures differently in salt-free and salty environment as
it was proved during in-situ grouting described in this bachelor’s thesis.

Based on results of this bachelor’s thesis, the salinity of capillary water had clear impacts on
penetration of colloidal silica. In pipes filled with artificial groundwater, grouting material
flocculated, i.e. silica grains agglomerated too soon due to higher water salinity. The
penetration of colloidal silica with fresh water taken from a tap was not disturbed.

The results of this study are analysed quantitatively as well as with visually and by making
observations. Water injection with salt-free water before starting grouting with colloidal
silica that was tried in in-situ grouting could be a solution for grouting in environment with
salty groundwater. Finally, this bachelor’s thesis work presents improvement suggestions for
sand column test that were carried out for this study.

2) List of abbreviations

tG Effective gelling time [s]

p Hydrostatic pressure [Pal

Ap Prevailing overpressure [Pa]

b Hydraulic gap opening [m]

o Viscosity [Pa-s]

I max,2D Maximum possible penetration depth [ml]
g Average acceleration of gravity [m/s?]

3) Introduction

Usually, a mixture of cement and water 1s used for grouting. However, due to increased
requirements to waterproofing in tunnel and rock construction works some alternative
grouting materials were developed to be used instead of cement. One of such materials
is colloidal silica with smaller size of particles comparing to cement based grouting
materials. However, silica’s strength qualities are weaker. Thus, colloidal silica can be
used for blocking smaller fractures. Bigger fractures determined in the same site can be
blocked with grouting material based on cement (Funehag 2011.)
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Some sites require high level of waterproofing, such as repository for spent nuclear fuel.
For example, the suitability of the Olkiluoto bedrock for the final disposal was studied
in Posiva’s underground rock characterisation facility ONKALO in Olkiluoto. In this site,
high criteria is set for the level of waterproofing and for this reason some grouting tests
with colloidal silica were carried out. Also, the use of grouting materials based on cement
is reduced as the higher pH of cement could cause harm to a multibarrier system.

However, some problems were detected in penetration of silica and in achievement of
required level of waterproofing. Especially in the environment with salty groundwater,
the level of waterproofing was below required level and grouting had to be repeated
several times resulting in lower level of waterproofing comparing to desired one.
Flocculation, i.e. too fast agglomeration and gelling of silica grains that prevents the
penetration of the mass during grouting, is suspected to be one possible reason for this.
(Hatakka et al. 2013)

The aim of this bachelor’s thesis was to find out the impacts of salty groundwater on
penetration of colloidal silica in laboratory tests. For this purpose, a sand column test
was carried out in the laboratory of Department of Civil and Environmental Engineering
of Aalto University. Based on test’s results, the same problems were faced during testing
that were detected also during in-situ grouting tests.

Firstly, the material properties of colloidal silica, its operational principles and
application are described in this work. In the next part of the work, the sand column test
is described phase by phase from its planning till implementation with following
presentation of its results. The last chapter covers conclusions and reasoning based on
results of sand column test.

The term ‘effective gelling time’ (‘tehollinen geeliytymisaika’in Finnish) is a free Finnish
translation of English term ‘gel induction time’. Effective gelling time in this bachelor’s
thesis means gel induction time.

4) Application of colloidal silica in grouting and penetration related problems

With connection to the final disposal of spent nuclear fuel, pre-grouting works were carried
out in the demonstration tunnel 2 of Posiva’s underground rock characterisation facility
ONKALO in 2011 and 2012. It was stated in Posiva’s work report published in December
2013 that there is no enough data on impacts of salty ground water on grouting with colloidal
silica. However, it was mentioned that especially high calcium content may affect to some
extent the penetration of colloidal silica. Also, it was brought out that mixing of colloidal
silica with water when silica replaces the groundwater in a fracture is very unlikely.
According to the report, silica’s flow with slow speed is also laminar. Taking these facts into
consideration, grouting boreholes started to leak already in some hours after grouting. The
reason for leaking was not clarified, despite the fact that grouting fan was repeated again
several times. Demonstration tunnel 2 had a total salinity of 13860 mg/l and 2100 mg/1 of it
was calcium. (Hollmén et al. 2013.). Also in TASS tunnel in Asp6 groundwater contained salt.
A grouting fan with boreholes located closer to each other had to be used there in order to
achieve required grouting results. (Hatakka et al. 2013)

Flocculation is suggested to be a problem related to grouting in environment with salty

groundwater. Flocculation means the agglomeration of silica’s particles at too early stage due
to impact of saline groundwater. Thus, the spreading of colloidal silica in a fracture slows
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down and waterproofing properties of fracture become weaker. Based on these results,
Rockplan and Posiva have developed a new method of grouting with silica in environment
with saline groundwater that was tested in access tunnel 4366-22 of ONKALO. In this
method, saline groundwater is replaced by injecting fresh water into grouting boreholes just
before starting grouting with colloidal silica. Results were good as gelling of colloidal silica
was successful and the leakage of grouting boreholes was minimal or boreholes did not leak
at all. This method prevented too early flocculation of silica particles. (Hatakka et al. 2013.)

5) Sand column test

In this chapter, sand column test carried out in the laboratory of Department of Civil and
Environmental Engineering of Aalto University is described. The aim of this test was to study
the penetration of colloidal silica in pipes filled with sand that were filled with water before
adding silica. The interstitial air-space between grains of sand simulates real varying
geometry of fractures.

Half of the tests was carried out by using fresh tap water taken from a municipal water
supply network. Other half of the tests was carried out with artificially prepared groundwater.

Based on problems detected during grouting tests, a hypothesis covering results of sand
column test was made. According to this hypothesis, colloidal silica would penetrate in
different way in pipes filled with artificial groundwater and fresh water. Another assumption
was that in a pipe filled with artificial groundwater a flocculation might be detected, i.e. the
agglomeration of silica particles, especially in the central part of the pipe filled with coarse
sand.

1) Equipment

Two one meter long transparent acrylic pipes with inside diameter 40 mm and outside
diameter 50 mm were used for sand column test. Sieve mesh (0,125 mm) was fixed in the
lower part of both pipes to prevent the flowing of sand that was added to pipes later. Pipes
were fixed on a test stand next to each other in order to observe the tests being carried out
with fresh and artificially prepared groundwater simultaneously (Figure 6).

2 1 measuring jugs with lines for each 20 ml were placed under the pipes. Water and colloidal
silica flowed to these jugs during the tests that allowed to measure the amount of penetrating
substances. After the pipes were fixed, they were filled with sand so that both pipes would
content as much the same amount of sand with the same grain size as possible.
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Fig.-6 Acrylic test pipes in a test stand with the scale in between. A jug was placed under
each pipe for collecting liquid.

ii) Colloidal silica and estimation of gelling time

Silica MEYCO MP 320 was used for this test. Sodium chloride solution with 10 % salt
concentration was used as an accelerator. The appropriate gelling time of suspension of
colloidal silica and accelerator was determined based on the penetration depth. The aim was
to achieve 20-30 pm hydraulic fracture opening b. Maximum possible penetration depth for
two dimensioned (2D) flow I'max,20, for colloidal silica can be calculated by using formula 1:

Imaxz2p = 0,45 - D+ ﬂ::;‘

where b 1s a hydraulic fracture opening, Ap is prevailing overpressure, tc is effective gelling
time and u0 is a viscosity of colloidal silica suspension. By effective gelling time tg, the time
when viscosity of colloidal silica and accelerator is doubled comparing to the initial state.
This time is equal to appr. 1/3 of gelling time tg.

In this test, there was no ground water pressure, so the prevailing overpressure Ap needed

for this test was the same as hydrostatic pressure of the water column in a pipe. Water
column was 1000 mm high as shown in the Figure 7.
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The length of the pipe was estimated to be the height of water column as hydrostatic pressure
increasing steadily downwards affected the pipe from its upper part and, respectively, the
suction increasing upwards the pipe caused by capillarity affected in the lowest part of the
pipe. In this case, each part of the pipe was affected by equal power moving liquids and it
was possible to estimate roughly but precisely enough that the overpressure is equal to
hydrostatic pressure of water column within the whole height of the pipe.

Maximum possible penetration depth was clarified with gelling times equal to 30 min and 60
min by using formula 1. Longer gelling times were not considered as it was decided to keep

testing time as short as possible in order to make testing process as rational as possible.

Table-2 Maximum possible penetration depth Imax,2D with gelling times equal to 30 min

and 60 min.
Tg [s) te (s) Ap (Pa) o (Pas) | b(mm) | Lyayzp (mm)
3600 1200 0,0981-10° 0,005 0,02 178, 3
1800 600 0,0981-10° 0,005 0,02 126,1

Table 3 presents four tests made in test cups regarding gelling times as well as proportions
of silica and accelerator used in sand column tests. Gelling time tests were carried out in
single-use cups.
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Table-3 Determination of gelling time of colloidal silica and accelerator solution based on
experiment and test results and their proportions. Bigger amounts of accelerator shortened

gelling time.
Date Test Nro Silica (g) | Proportion of | Accelerator | Gelling Comments
accelerator  in | (g) time
silica (%) (min)
24.2.2015 | Test 1 200 24,00 % 48 appr. 20 | Target was 30
min
24.2.2015 | Test 2 200 19,40 % 38,8 44 Target was 60
min
24.2.2015 | Test 3 200 17,50 % 35 60 Correct ratio.
25.2.2015 | Experiment 4908 18,58 % 911,8 50 Calculation
1 mistake, had to
be 17,5 %.
26.2.2015 | Test 4 200 17,50 % 35 60 To assure that
Test 3
(24.2.2015) was
made in a right
way
26.2.2015 | Experiment 3284 17,50 % 574,7 60 Correct ratio.
2
26.2.2015 | Experiment 2931 17,50 % 512,9 60 Correct ratio.
3
27.2.2015 | Experiment 2344 17,50 % 410,2 60 Correct ratio.
4
27.2.2015 | Experiment 2006 17,50 % 351,1 60 Correct ratio.
5

iii) Sand grain sizes

The grain sizes of the sand used in final successful experiments are shown in the Figure 7.
At the bottom of the pipe above the sieve mesh (0,125 mm), 50 mm layer of sand with the
grain size equal to 0,5...1,0 mm was placed. This layer prevented the clogging of the mesh
with finer sand. In this way, it was possible to keep the flow of silica and water through the
sieve mesh as unrestricted as possible. 50 mm thick layer of the sand the grain size equal to
2,0...4,0 mm was placed on top pf the first layer. This layer prevented the dust contamination
caused by fine-grained sand when water and colloidal silica were added to pipes. The
interstitial air-space between grains of sand simulates the fracture space in the rock. Two
different types of sand with very different grain sizes were used during the experiment,
coarse and fine-grained sand as the walls of natural fractures are not smooth parallel
surfaces. Instead, the fracture might become wider or thinner even within short distances.
Proportion of coarse sand used during experiment correlated with the bigger opening
detected in the real fracture in the rock and proportion of fine-grained sand correlated with
more narrow fracture section according to what the hydraulic opening b of the borehole
fracture is determined.
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Fig.-7 The amount of different types of sand in the pipe (on the left) and their grain sizes
(on the right).

iv) Saline concentration in artificial groundwater and its preparation

The salinity of water had to be as similar to the salinity level of natural groundwater as
possible. For this reason, the amount of salt was based on the amount of salt measured in
groundwater in Posiva Oy’s research space ONKALO demonstration tunnel 2.

In this research space, the total salinity of ground water (TDS, Total Dissolved Solids) was
equal to 13860 mg/l, whereas proportions of different salts were as follows: calcium (Ca) 210
mg/l, sodium (Na) 3040 mg/l and chlorine (C1) 8580 mg/l (Hollmén et al. 2013). The total
salinity level of artificial groundwater used in experiment was set to 13,7 g/1 and the
proportion of calcium and chlorine masses to 2:3. Sodium chloride that was used during
experiment was an ion compound NaCl. Calcium chloride was developed from hydrated salt,
calcium chloride dehydrate CaCls - H20.
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As salts easily absorb humidity for example from the air, they had to be dried in the oven
with 105 °C before mixing them with water. After being dried for two days, 7,64 g of calcium
chloride dehydrate and 7,49 g of sodium chloride were added to measuring cylinder until the
grade of 1000 ml. After this, saline solution was mixed for 15 minutes to ensure that all the
salt would dissolve in saline solution (Figure 8).

Fig.-8 Mixers that mixed the salt in water in 1000 ml measuring cylinder in order to get an
artificial groundwater.

6) Execution of tests

Test was started by filling the pipes placed next to each other with the sand and the
interstitial air-space between sand grains was completely saturated with water (Figure 9).
After this, water surfaces in both pipes were set at the same level and the changes in the
height of water level before adding silica was observed. When observation of decreasing level
of water was long enough, colloidal silica and accelerator were mixed together.
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Fig.-9 Pipes were completely saturated with water. Water poured on the layer of sand with
grain size equal to 2,0...4,0 mm was muddy after mixing with sand dust.

A mixture of colloidal silica and accelerator was added to both pipes as simultaneously as
possible. Silica was poured to both pipes at this moment when the level of water decreased
to the level of the border of two upper layers of sand with grain sizes equal to 0,125 ...0,250
mm and 2,0...4,0 mm. In this way, it was assured that flocculation would not happen in pipe
2 before the silica’s penetration into other sand layers and air volume in both pipes would not
increase significantly.

After this, observation of penetration of silica in both pipes was started. The idea of the first
test was to follow silica’s penetration in units of time using the measurement grade located
between the pipes. As it was impossible to observe the penetration of silica in the most fine-
grained sand, it was impossible to get results. The sand with grain size equal to 0,250...0,50
mm was used as the most fine-grained sand. For this reason, silica started to flow through
both pipes already within 6 minutes. This time was too short for observing the penetration
of silica and for recording results.

In the second test, the amount of water flowing from the pipes was observed in units of time.
It was noticed that sand filling was not comparable in both pipes as the fall in water level in
pipe 1 was faster, i.e. measuring cylinder placed under this pipe was filled with water faster.
Also, the sand with grain size equal to 0,250...0,50 mm was replaced with more fine-grained
sand with grain size equal to 0,125...0,250 mm in order to prevent flowing of silica too fast
out of the pipe.

Although it was impossible to observe the penetration of silica in more fine-grained sand, it
was decided to observe its penetration in coarse sand in units of time. Finally, this test was
not successful neither the penetration of silica in that layer was laminar.

In three last tests, the same grade of compactness of sand filling in both pipes were tested.
For this purpose, the equal level of water surfaces was set in both pipes and measuring
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cylinders under the pipes were emptied. When cylinders were placed under the pipes again,
stopwatch was launched. After this, increasing volumes of water coming out from the pipes
measured in cylinders were observed and registered. The penetration of silica through the
sand was observed as an increase of its volume in measuring cylinders placed under the pipes
as well as visually, differently from the test 1. The sand with grain size equal to 0,125...0,25
mm that was proved to be good in the second test was used as a fine-grained sand in three
last tests.

It was important for all tests to take care of pouring the same amount of water in both pipes
(either fresh tap water or artificial groundwater) already at the phase of filling pipes with
sand in order to prevent mixing of salinity levels of the pipes. Also, the level of water surfaces
had to be above the sand level to ensure minimum possible access of air into pipes.

7) Results
In Table 4 are gathered results measured during the tests. For example, the time when it
was possible to observe the wake of colloidal silica in the layer of coarse sand, the time when
silica came out of the pipe, the time when the leakage stopped and the total volume of leak
liquid after adding more silica into pipes.

Table-4 Test results

Test Nr | Coarse Silica Leakage | Leakage Comments
(pipe sand came out | stopped volume after
Nr) (minutes) | (minutes) | (minutes) | adding more
silica (ml)
1(1) X 4:00 24:00 650 Changes in measured
volumes.
1(2) X 6:00 14:30 280 Changes in measured
volumes.
2 (1) X 14:50 34:30 430 Failure with use of sand.
2(2) X e 13:45 200 Failure with use of sand.
3(1D 3:40 17:35 35:10 400 Successful test
3(2) 3:20 e 15:25 230 Successful test
4 (1) 315 16:50 34:10 400 Successful test
4(2) 3:10 e 14:30 220 Successful test
5(1) 4:05 19:40 33:20 400 Successful test
5(2) 5:10 e 10:50 200 Successful test
(1) =pipe 1, fresh water
(2) =pipe 2, artificial groundwater
e = this effect did not occur
x = the result was not registered/measured
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Fig.-10 In a can in the forefront of the picture is colloidal silica that was used during the
tests. A can on the right side of the picture is placed under the pipe filled with artificial
groundwater and based on the colour of the liquid in the can it can be assumed that silica
did not penetrate through the sand layers. In the can on the left side of the picture, there is
also some silica that penetrated through the sand layers among the fresh tap water.

By the moment of time when silica was in the layer of coarse sand is understood the moment
when it was possible to observe visually silica’s wake in the sand layer. Silica flowing out was
followed by observing cans placed under the pipes. As a mass of colloidal silica was a liquid
that had milk-white colour, it was transparent and thicker than water, it was possible to
detect changes in the colour of liquid drops falling into cans. The more silica mixed with
capillary water in the pipes, the more easily it was to detect changes in the colour of liquid
flowing to cans (Figure 10). Thereby, by the end of liquid flow is understood the time when
the last drop of liquid came out of the pipe being observed.
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Fig.-11 Graph showing penetration of liquids in pipes 1 and 2 during the test 2 after
adding the silica. In pipe 2, silica did not go through the layer of sand and the penetration
ended too soon."
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Fig.-12 Leakage volume after adding silica in test 3. In pipe 2 that was saturated with an
artificial groundwater, penetration was clearly weaker than in pipe 1 as 170 ml less of
colloidal silica flowed through the pipe 2.2

D Translation of Figure 11 from Finnish to English: Koe 2. Vuotoméiiri silikan lisdyksen jilkeen = Test 2.
Leakage volume after adding silica; Maéra (ml) = Volume (ml); Aika (min) = Time (min); Putki 1 = Pipe 1; Putki
2 = Pipe 2; Karkealla = coarse sand; Vuoto loppui = Leakage ended; Silika tuli ulos = silica came out.
2 Translation of Figure 12 from Finnish to English: Koe 2. Vuotomdiri silikan lisiyksen jéilkeen = Test 2.
Leakage volume after adding silica; Maéra (ml) = Volume (ml); Aika (min) = Time (min); Putki 1 = Pipe 1; Putki
2 = Pipe 2; Karkealla = coarse sand; Vuoto loppui = Leakage ended; Silika tuli ulos = silica came out.
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Fig.-13 Leakage volume after adding silica in test 4. In pipe 2 that was saturated with an
artificial groundwater, penetration was clearly weaker than in pipe 1 as 180 ml less of
colloidal silica flowed through the pipe 2.3
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Fig.-14 Leakage volume after adding silica in test 5. In pipe 2 that was saturated with an
artificial groundwater, penetration was clearly weaker than in pipe 1 as 200 ml less of
colloidal silica flowed through the pipe 2.4

The first important observation was that colloidal silica did not flow laminarily in section
with a coarse sand with grain size equal to 4,0...5,0 mm (Figure 15). Such processes were
detected with fresh tap water as well as with artificial groundwater. It is difficult to claim
something about finer-grained sand as it was impossible to observe this process visually.
Mixing of colloidal silica with water may occur also in a finer-grained sand, however, it was
impossible to determine its volume in this test.

3 Translation of Figure 13 from Finnish to English: Koe 2. Vuotoméiri silikan lisdyksen jilkeen = Test 2.
Leakage volume after adding silica; Maéra (ml) = Volume (ml); Aika (min) = Time (min); Putki 1 = Pipe 1; Putki
2 = Pipe 2; Karkealla = coarse sand; Vuoto loppui = Leakage ended; Silika tuli ulos = silica came out.
4 Translation of Figure 14 from Finnish to English: Koe 2. Vuotomairi silikan lisdyksen jilkeen = Test 2.
Leakage volume after adding silica; Maéra (ml) = Volume (ml); Aika (min) = Time (min); Putki 1 = Pipe 1; Putki
2 = Pipe 2; Karkealla = coarse sand; Vuoto loppui = Leakage ended; Silika tuli ulos = silica came out.
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Fig.-15 Penetration of colloidal silica in the layer of sand with grain size equal to 4,0...5,0
mm. Penetration is not laminar. Pictures from test 5 (on the left) and test 3 (on the right).

Fig.-16 Flocculation of silica particles in pipe 2 due to the salinity of artificial groundwater.
Picture from test 5.

Fig.-17 Slica particles did not flocculate in pipe 1 filled with fresh tap water. Picture from
test 5.
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8) Conclusions

The aim of this bachelor’s thesis was to study the impact of salty groundwater on the
penetration of colloidal silica. For this study, a sand column test was carried out in the
laboratory environment that allowed to observe the problems detected during in-situ
grouting.

Salty groundwater clearly affected the gelling time of silica and its flow stopped too early
before the effective gelling time was achieved. Also, the flow stopped much earlier before
the comparison sample where the flow ended after about 35 min with gelling time equal
to 60 min. In comparison samples, a fresh tap water was used as a capillary water.
Results received during the observations correspond to the problems mentioned in work
report of demonstration tunnel 2 in research space ONKALO (Hollmén et al. 2013). It
was noticed that the penetration of the mass ended immediately in the beginning of
grouting works and even the grouting was repeated, the leakage of rock fractures
continued. Respectively, during grouting works made in access tunnel 4366-22, it was
not detected that the flow would end too early when salty groundwater was extracted
from rock fractures by injecting water before the injection of colloidal silica (Hatakka et
al. 2013).

Results of this bachelor’s thesis support the conclusions made based on observations of
grouting works regarding the impacts of salty groundwater on silica mass. The results
are contradicting with the assumption claiming that silica mass has laminar flow in rock
fractures by replacing groundwater and the mixing of these two liquids would not happen.
Based on the sand column test, it was possible to observe clearly the process of silica’s
mixing with salty artificial groundwater as well as fresh tap water.

The aim of the experimental test was to try to simulate the natural geometry of fracture
system by using different types of sand. Even in rock fractures with small hydraulic
fractures, there are points where fracture aperture could be big enough. Due to fracture’s
geometrical changes, there can occur whirls in water flows, even if the pressure used
remains constant. Even the flow is not laminar in rock fracture due to whirls and mixing,
it was impossible to determine its amount in very small hydraulic fractures of 20 pm.

Affected by artificial groundwater, silica flocculated that was assumed also in a
hypothesis of this study. In pipes filled with artificial groundwater, colloidal silica
reminded the structure of porridge, it did not gel properly after the flow was over. The
same effect was detected also in in-situ grouting in the environment with salty
groundwater (Hollmén et al. 2013). The method developed and tested by Posiva and
Rockplan concerning applying water injections before starting grouting with colloidal
silica could be a solution for grouting works in environment with salty groundwater in
the future. The method was proved to be efficient at least in an access tunnel 4366-22 in
research space ONKALO (Hatakka et al. 2013).

It was said in work report of demonstration tunnel 2 in research space ONKALO
(Hollmén et al. 2013) that some fast and sudden reaction were detected between colloidal
silica and ground water with high content of calcium. Based on sand column test made
for this thesis work, it is not possible to comment this observation. In the test carried out
for this thesis work, artificial groundwater contained both sodium and calcium salts.
Thus, it is not possible to be sure what of these who had bigger impact on flocculation
and to early gelling.
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Some improvements could be done for the sand column test carried out for this bachelor’s
thesis in order to achieve more precise results. To make the observation of penetration
process of silica mass and its flow out of the pipe easier to observe, some colourant that
would be easy to distinguish from the sand could be mixed with silica. However, that was
not very important as test results were consistent comparing to the results of in-situ
grouting tests carried out earlier.

Also, it would be possible to continue the observation of effects taking place in test pipes
as well as registering quantitative results with more than one person participating in
testing. In this case, persons could concentrate on observing smaller issues as from one
person testing required very high accuracy, registering results and taking care of rhythm
when observing changes in test pipes. However, from the point of view of the hypothesis
of this study, it was possible to register results and observations precisely enough.
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