S XS DOM R KIRE) - BERITEICE TS
AMEETE

Uncertainty in flow and mass transport model
of fractured rock

Fracture Flow Solutions
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Models used for flow and mass transport simulation of fractured rock

- BRIV T ET I,
(DFN: Discrete Fracture S
Network Model) NAZ7 Uk

e ET L

HETWORK MODELS Hybrid mOdeI

- FEMEZAEEAEETIL
(EQPM: EQuivalent Porous
Media Model)

c Frrprry FT—0FTI
(CN:Channel Network Model)
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History of DFN
2022 DFNE2022
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O&Z S - E(ZPoisson)
Fracture center: mainly Poisson model

—

=T )L DAERR 3

@&8HDAM : FICFisherD
Fracture orientation: mainly Fisher distribution
QBHIRE  WHIERDH. NEEDH
Fracture radius: log normal distribution, power-law distribution

@FKERE  WEIER D

Transmissivity: log normal distribution

N
BREBDEEHREE
EiEYIRL, BRERE

Generate fractures until sum of

~

(P) 170 % X CHERBRERH oY 7Y T

fracture surface area reaches prescribed fracture intensity (P5,)
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Realizations: generate the prescribed number of realizations
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Conductive fractures in Mizunami Underground Research Laboratory
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Pilot hole
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Most outflow occurs in the unaltered
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Outflow and fracture frequency observed in the pilot hole 3
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Schematic drawing of repeated opening and sealing of fractures

Late Cretaceous Present
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Ishibashi et al. (2014) 9
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Multiple events of opening and sealing of fractures

(a) BEEIZLSENBDOFE Seallng of fracture by chIorlte
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Ishibashi et al. (2014)

¥ Fracture
fillings
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Calcite formed on the laumontite

Yoshida et al. (2013) 10
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Difference in fracture size between conductive fractures and non-conductive fractures

REFHI. BEESBEBHRICHLTERINTHEY ., EKEERERIFELTLY
f&L\_.I-ﬁ |$75\3f)%) iﬁ'ﬁ/ﬂf‘iﬁ%‘ EL\h\%é;th\Téh—CL\éo

Power law parameters are different between nonconductive fractures and conductive fractures

VAESHBRITER T HAIEEMEN B BEKIEETDTREEAFL

Large fractures are more likely to be connected and likely to form flow path

VINSTTBRITERT HATREMEMMEL, FEBKERBREGLAREEA L

Small fractures are more likely to be isolated and likely to be non-conductive fractures

= 10000
3 o FEKERE
% L"-:;, 1000 E L. ;'.“ © Another fractures Nonconductive fractures
ge 10 BTG
H ﬂa-’ | S - / Conductive fractures
E =
0.1 1 10 100

Trace length on the drift wall (m) (Onoe, 2019)
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Geo-DFN vs Hydro-DFN

o BRIIZISCT-DFNDEWLD 1T A NE
Need to model different fractures for DFN depending on the model purpose (such as geology,
rock mechanics, flow, etc.)

- MEMNBREEKEERDT—E

Disagreement of geologic fractures and conductive fractures

ViEER - FIEIZK ST —ILERA O (reactivation) D #EYIRL

Repeated events of sealing and opening (reactivation)

VIRTEDH T KMo LI-BRIMICE B

Use of euhedral minerals precipitated from modern groundwater as a marker of conductive
fractures

c BIKEBHRODERNTAFZHRET OUE

Need of determining fracture parameters specific to conductive fractures
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Connectivity of fractures
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Connectivity of fractures

o WEXDDFNETIVIL, :EFEEZEKEHMT 5 (overconnectivity BRI M &H Y | Efk
EKETIVISEWEFHZRYT

Traditional DFN models tends to overestimate the connectivity (overconnectivity) and
behaves like a continuum model

« REDOEBIL. [KASINMRET DIERIZHY . ChE+HICRBETETLEN

Conductive pathways in the actual rock are localized and DFN models fail to reproduce

o ZDEEEIL. John Blackh $EHEL THEY. Sparse channel network model SN RIES
NnNTL%

This issue is pointed out by John Black and he proposes “Sparse channel network model”

o JKIEO/IN—FAUE

Flow compartment
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Flow log results in the tracer experiment area of the Kamaishi mine
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Only 2 outflow points are found in KH-22

and KH-23 indicating outflow points are localized
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Comparison of fracture frequency with flow log
« BKIZFEETHDIITLK—EHDEHTHS

A limited number of fractures contribute to flow
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A method for characterizing flow compartments used in the Kamaishi mine

- BHIREEKERLZRERICEERT - EICIYIRHIICHIENTHEILE

Detect different pressure domain by monitoring drilling progress and pressure response

Conductive fracture

S
riog G- B S5y,
%o

BEOR-Y 74,
Existing borehole packed with
multi-packers

New borehole being drilled

%ﬁﬁ—U?ﬁﬂ/§

Recording pressure responses
BER—-Y I TO
Fﬁmxwﬁﬂ

R—=Ur7

2207 | Ummzzonmzio

Drilling machine AITE
eguipped with Recording progress
displacement gauge of drill depth
Pressure change vs time |, Drilling depth vs time
KEOBEZTL B B DRSRIZEAL
depth(m) time
o 55 10:00:20
é \ 5.6 10:03:20
o 5.7 10:06:20
o 5.8 10:09:20
Tims . . (Sawada et al., 2000)
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TN X MEEZFTET ST —
Pressure responses indicating flow compartments
KH-207L 32.8m, 37.5miB4IEEDKERZ

Pressure responses occurred during drilling at the depth of
32.8 and 37.5m of KH-20

/

——— KH-20Driiling Depth

KH-19fL XRE5ERET 52N LUFOXME
RELEVL

— AV IN—F AV MEEZR TR
Only section 5 of KH-19 responded, while other sections

not responded
—Indicate the presence of flow compartment

—— Pressure (1994/12/13)7
—— Flow Rate (after drillin})

— Flow log (mV/min.)
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T ARHRL-TRUE Block ScaleztE& T 7 I2HE T2V - AV MBEEZTIZT B
R—U2 T BRI DIE
Pressure responses indicating flow compartments at the TRUE Block Scale Experiment area in the
Aspé Hard Rock Laboratory in Sweden

KI0025F02 FL 8 Hll B | 2 &R FL(K10023) D — B X R D A IHZE L . £ DD X & TILEHZEH ALY
5l ARIZERFIC, S7L SSH TG E LAY, S2&S31F 2<EHET
BEIZERFIZ. S3,54,55,S6 MV 2 BAA
DEIZERFIZ, S2MV G B FTA

Pressure responses are recorded at the specific sections of the monitoring hole (KI0023) during drilling of KI0025F02

i.e. When drilling reached A, Sections S7 and S8 strongly responded. But, S2 and S3 did not respond.
When drilling reached B, Sections S3,54,S5 and S6 started to respond KIQ025F02
When drilling reached D, Sections S2 started to respond KI0023

Response of KI0023 to Drilling in KI0025F02
—F B2 8 B

4500
+ 200

4000 '
©
e 190 = o .
= E Monitoring Sections (m)
S 3500 -
a a KI0023B:P1  113.7-200.7
g 466 @ KID023B:P2 111251127

KI0023B:P3 87.20-110.25

KI0023B:P4 84.75-86.20

KI0023B:P5 72.95-83.75
50 KI0023B:P6 70.95-71.95
KI0023B:P7 43.45-69.95
KI0023B:P8 41.45-42.45
KI0023B:P9 4.6-40.45

3000

2500 0
8/11/98 0:00 8/15/98 0:00 8/19/98 0:00 8/23/98 0:00

Time

(Andersson et al, 2002)
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Geologic connectivity and hydraulic connectivity

West <- (m) -> East
3 S S o S S 3

KH-20 KH-24 L KH-25
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o A —E] ERISEERNCEI N | e
- ek i F- 2 iA /
m_ ‘.‘ X Sy . . L]
E . v ] Flow is disconnected by [ | ZoneD /
L 'S ; partial opening or partial L 1 .

_-':—Zone B—

N7,
\/
X

N

Packer location
and hydraulic head

DERDH
Trace map of KD-89 drift ©

c

KD-90 Drift—" 0 100 200

—

close to the studied area m
RP7HR—ITVILIEELI-8R VNI — KEDGE AV IS—F AV P

Fracture network predicted from borehole TV log Pressure distribution and flow compartment
Sawada et al.(2000) 20
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Concepts of flow path modelling
Options for assigning transmissivity

JEFERE BRF¥F L DHEE
No correlation Positive correlation

\ between size and T
SHETEIR A S T ¥ & L
o B TU¥y KEARBIITE S BN
T is randomly sampled from log Large fracture has higher T
normal distribution

BITRERMERS

Pathway correlation

EIROBATREZIZRT % £ 9
= WE K & B E
T’s are assigned so that pathway
becomes preferential path

BEkED B2
High T fracture

I¢Emﬁ®%%
Middle T fracture

I (RSB B B

Low T fracture
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2. EfETE
Hydraulic Connectivity

- BRISEKBEMERYLTIRIC, REFTUT LHIVEERY (XLOMEMEEELT
W=, TRATRBHEREIOIIIHEDBITREBICE VN EKEZEIYETLILE
Traditional DFN assigns T randomly or correlating to fracture size. There may be a need to assign T to reproduce
preferential flow path.

vVZDRR, FFRERMICGBITRIEELGOENED . BITRIEEHROKENEREBITRISEE
NRAZBERITIENER

It is important to reproduce both measured flow resistance along the flow path and the measured
frequency of the flow paths to avoid generating unrealistic pathways

o OVsS—RAUME, B IEHIEE N EED ESEBKIEEEY U TH L THE A

Flow compartment can be reproduced by assigning low T in the pathway

VAUN—FAVRDRER (X, FTELFAAOEHEIDOZYRLICKYAEL-AIEEELH D

Flow compartment may be formed by multiple events of sealing and reopening of fractures

VIZEL, AU N—rAVMISERICRAC I EEZR AL TUOVELVATREME A B Y . FEEMELT
FACI-G B EZ O THIMEE DR AN —REEET HANE
Flow compartment may not be perfectly closed. Uncertainty such as closed case and non-closed case need
to be considered.
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Channeling

B 2DODERE - NEEMN

Two issues/uncertainties

O~ + V7 RILHHF5EE

Flow wetted surface

@~ bV 7 RILECFE S
Matrix diffusion depth

(Mito et al., 1990)
24



Flow Wetted Surface&
F-INDRA=R, U-INDA—H

Flow Wetted Surface, F-parameter, u-parameter

Flow Wetted Surface
FWS = WL,

BEHLITROMBMRATOREC, (HBERET . BMEBATNIRGLHRESDES)
Concentration C; at the point with distance L, from source (w/o dispersion, infinite matrix diffusion depth)
C; (L;, t) = C, erfc (u; t12)
u-parameter: U; = F /Dy i(Em; + Ka; ) D #EERER. Kd @ SECRE

Wﬁﬁl‘b_ﬂ-_ . Usorp = Fi-.,."l]:}m,le,.l [

Sorbing tracer

3FW%T$H/—'U'— Unhonsorb =~ Fi ) D i€mi

Nonsorbing tracer

25
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u-parameter and Breakthrough curves

107 F

Mass flow fraction (1/a)

(Vieno et al., 1999)

" " " ] "
107" 10° 10° 10 10
Time (a)

u-nN3x—20N—-E-I7RMNEHh, E—7REDOET

Larger u-parameter - delay of peak time - decrease in peak concentration

26
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| Nasow Abecwd Zoew || Wice Ameres 2ore |

Cataclastic Zones or Jointed Zones -
Narrow, Cicsely-Spaced Charneis

Fractured Apite’Pegmatite Dykes

and Aplitic Gnoisses

oroaly « 0 29 AN (VN3N

Uradared Wabook

Cataclastic Zones or Jointed Zones -
Broad, Widely-Spaced Channels

Normalised Flux [mol litre’}]

Normalised Flux [mol litre™'}

Normalised Flux [mol litre™!]

FroRUT
—Nagra®Krystalline-112H 1T 5B RN EPEEDET VL LFEEHZ R —

Channeling
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10? 10° 10 10° 10® 107 10°
time after repository closure [years]

- Different channeling assumptions and resulting nuclide flux in Kristalline-I safety assessment by Nagra -

BROWMBPEBE (FvFIOiE. HE

Internal structure of fracture (width and spacing of channels)

d

RETHERRICKELKBE
FIBHTDEVWELEL D)

Significant impact on the performance assessment
(approx. 3 orders of magnitude difference)

BRONTPEBENEER

Internal structure of fracture is critical

(Nagra, 1993 & V)
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Flow wetted surface

B 2DODEE - NHEEN:

Two issues/uncertamtles

) BRIEEYZN LI b 7 RILET S EEDOEN

Increase in FWS by lateral diffusion through fracture fillings

vV ZENO—E, Ty rxILOmEl T
ThHL, BRHON LY OFHE D 2 WL IE
PEICHIZ2TELBZ EHZ W
Alteration halo develops along the significant

portion of fracture or sometimes along the entire
length of fractures

i) EHLASBEZE T 28ROV M 7 RILEH S5 EA

FWS of fracture with complicated internal structure

28
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Conceptual model of single fracture

DHEREFEMET IV ERNIRS
Traditional PA model Actual phenomenon
KEHEE

/] A
g e BT & = >‘< V}
Y LG Eh B IEEY
e ‘[T%hﬁwgm#ewmﬁ Tj‘%naﬁﬁmgﬁut#%
%%éﬁlzibf:aﬁﬁl \A— Diffusion from channel Diffusion via fractlJJTe fiIIiné\sﬁ

—>XYLWERNDIEAEE, BEMNRIIBEKRTS

More fracture surface become available for matrix diffusion,
thereby increase retardation

29



EMLTANESEEZE I IBRDOY M) 7 RiLEFS@A

FWS of fracture with complicated internal structure

o [H—8H] TH->THLABMBITERDOEIE N FE

“Single” fractures sometimes have multiple micro fractures

o ZEHIOFHERT— L TEMLE~Y Y 7 XILHEF SEBEDEEN UE

Need to determine effective FWS in the time scale of safety assessment

Aspot FRFZCHEER I H 1T ATRUE-1 b L — % — 538, Feature ADOKTME

Cross-sections of Feature A of TRUE-1 Tracer Test Area in Aspd Hard Rock Laboratory
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Matrix d|ffu5|on depth

ERNIUOERENKEFDERICELI-EE/\O—

Alteration halo developed along the fracture within the granodiorite in the Kamaishi mine
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Matrix diffusion depth

« REFEEDEZE/NTA—A

Important parameter for safety assessment

« ENITLHHLT 2DDER AR IL

Nevertheless, there exist two conflicting opinions:

DOIEBGESIZHIR (XAELY: R T —TFT >/SKB

Unlimited diffusion depth: SKB (Sweden)

QULBUESIZHIBE AV S : Wogeliusft(2020)
Limited diffusion depth : Wogelius et al. (2020)
= RIS BE DM EREFIET S EIC LIRSS RREN D
Fecm LR IZHI[R
Diffusion depth is limited within a few cm due to sealing of micropores by precipitation
of secondary calcite

. EELAELLOA., HBVNEAAEHAHICHATEZNDEZALHZD
MNRE D BE

Necessary to settle the argument or develop a new idea to reconcile both opinions
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Fr )T ICBE 9 SRR - T HERT

Issues and uncertainty of channeling

i

BV JORILE S 5 miE

Flow wetted surface

C BN E FEMEN LT SRR O E

Enhanced fracture surface area available for matrix diffusion via fracture fillings

« BHTERNIBEZH I DEED/INTA—IEHE

Determine parameter for fractures which have a complicated internal structure

B RYEBGES

Matrix diffusion depth
o ) DRYLFRSIEHIRNFET S vs FELAL

Limited matrix diffusion depth vs unlimited matrix diffusion depth
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Discrete Fracture Network Model (DFN)
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Flow wetted surface
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Matrix diffusion depth

BELED

Summary
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Summary

BRHREOEFMLIBL T, EEKERE L BABSROBI & EABBROBE/ 5 X —
2 ORENEE

Distinguishing conductive fractures from nonconductive fractures is important. Also, it is important to
determine fracture parameters specific to conductive fractures.

EXKEERIIZHENICRET 2ERHL’HY, [Karb] Z2FEKRT S L) ICBRADFKEDEE
PRE, ZTOE., [KAHb| OHFELBITRESEDEKEICOVTEIEICK 2RIV E
Conductive fractures are unevenly distributed. Transmissivity should be assigned to form preferential

pathways. In this case, constraining the frequency of pathways and resistance along the pathways by

measurement is important.
:ZN:nybﬁxﬁiﬁw—oo%@u%uzutuﬂ%ﬁﬁ%Us%@Kﬁ%ﬁ%%@?
FZT’OCJ cirfpi%ent is one of the uncertainty. There is a possibility that compartments are not fully closed

Z%&7;§%§5Eﬁu\EE%%ﬁLt%ﬁ%ﬁﬁﬁ@%m\E%tﬁ%ﬁ%&ﬁ?%%ﬁ

As to flow wetted surface, possible increase due to lateral diffusion through fracture fillings and evaluation of
FWS of “single” fracture with multiple micro fractures are the issues.

;FU71%&%3uﬁ@t?%%iﬁtﬂ@t?%%iﬁﬁﬂﬁbfﬁU\m—LtEﬁﬁM

There is an argument over limited matrix diffusion depth vs unlimited matrix diffusion depth. Necessary to
settle the argument or develop a new idea to reconcile both opinions
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