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using PFC Grain-Based Model

Guang Liu ""*, Ming Cai "%
{ 1 arch Centre, MIRARCO, Laurentian University, Sudbury, Ontario, Canada P3E 2C6 @*,k Wi
| 2. Bharti School of Engineering, Laurentian University, Sudbury, Ontario, Canada P3E 2C6
\ 3. Key Laboratory of Ministry of Education for Safe Mining of Deep Metal Mines, Northeastern University, Snenyang
e . 1110004, China
ARMA 18 - 236 4. School of Civil Engineering, Hefei University of Technology, Hefei, China

iirarco

MG WO

N Nai T
[ Propenty degradation with time
This research presents a new method to simulate time-dependent failure of \
brittle rock using the grain-based model (GBM) in PFC. Macroscopic time- Y '
dependent deformation of brittle rock is considered as a combined effect of e N
stress-induced corrosions occurring in granule interior and at grain I N

boundaries. The result shows that the proposed method can capture both
the short-term and the long-term strengths of brittle rock well.

: fo S SR

ig. elope for the bonded
f9:3 Suasﬁ::‘mm oon‘l,;cl Fig. 4 Stress-induced corrosions at grain boundaries

Stress corrosion which may cause subcritical crack growth, is a theory to
explain time-dependent deformation of brittle rock (Rinne, 2008). The
purpose of this study is to extend the stress corrosion method proposed by

he time-dependent failure of rock is simulated using the proposed method, The short-
Potyondy (2007) to the grain-based model (GBM) (see Fig. 1) for term (left) and long-term (right) strengths of Lac du Bonnet granite are calibrated using the
simulating time-dependent behavior of brittle rock. The proposed method proposed method.

is examined by the static-fatigue test of Lac du Bonnet granite. 800 | H-B model of intact rock 7

0= 3,40 (majo +1)**

700 4 8
600 . A .
oo’ 5
500 o
5 4
g PR
S40F 5
5 . —— -
] 5] ¢ Experimental data .
Fig. 1 Schematic Ducatiol b coacct 200) t . ;rce:nnmm
in- —— Test H-8 curve
diagram for a grain: Geain boundary 74 At 1

based model —  Smooth joint contacy
5]

Panticle in PFC

0 0 10 20 30 40 5 60 055 060 085 070 075 080 085 090
o, (MPa) Driving-stress ratio
Fig. 5 Comparison between lab test data and numerical simulation results

In this method, the st induced in the grain-based model can The predicted failure time by the PSC model is significantly lower than laboratory data when

occur both in granule interior and at grain The st i the driving: ratios are low (below 0.7). However, our method (GSC) shows a good

process occurring in the granule interior is expressed by the modified prediction in a large range of driving-stress ratios. In addition, our method can replicate most

parallel-bond stress corrosion (PSC) method, where the parallel bonded acro-mechanical properties of rock, including the ratio of compression to tensile

diameters are assumed to decrease with time.

Paralle] bond damages with tme
B

{a)

This research investigates time-dependent deformation behavior of brittle rock by
a stress-corrosion process In the nnln-bnad model in PFc The macros z
of brittle rock asa d .ﬂ.c' of indu

ceurring in granule lnbdor and at grain boundaries. The result reveals that the

can predict the time-dependent failure of the lock accurately in static-

the grain
degradation mmnhmwmﬂwuh
model is assumed to decrease with time (see Fig. 4 )

Professor,
Email address: mcal @ laurentian.ca
Guang Liu: Post-doctoral fellow, Laurentian University Email address: gliu @ mirarco.og
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A New Method of Stress Measurement Based on Elastic
Deformation of Sidewall-Core with Stress Relief During Coring

Takatoshi Ito (1), Shoma Fulusawa (1).Akio Funato (2), Tetsuya Tamagawa(3), Kazuhiko Tuun ®
1. Institute of Fluid Science, Tohoku Univ., Japan, 2. Fukada Geological Institute, Ja
3. Research Center, Japan Petroleum Exploration Co. Ltd., Japan
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1. REEFEEHT S A TAZAYER (Applications of virtual and mixed reality in
rock engineering., ARMA18-798, [& 8)

K it B 5 (virtual reality » VR)FZ i BT SF Ao e HUBE RS > A

MR BRI R =422 RO RS R » R ROina s - AHRE
JEFEZ SRR AR F > ANGH#BSHA RN A F R mE
FHIRE BEE SRS - ATRRALEE A AT 2 RNIAE - LORGEREED AT
15 ~ DU O Bh ARSI IIRE S - WA ATt S R E G L
T2 FAE R » BSR4 AR B
@ SEEmERGUEENSSRGENR - BETNRERGE -

FH A PR BEAHRE LAE 5 R A ShRE S hE i M A O B
LARFEIMEERTER > R BRI & LB R A R T2
MHEEZEN T EHRERIUR RN EF 5 (Augmented Reality, AR)HYfE
FIB R BT B ELEE TR A — EiBh%  RACRHREERE
MERARTHYEE I - ElR Bt E R R SR B R A R ST 1 T4

=

2. vEseRU A N EEgEETE Collab HEAIHTE
ZE B ZE RN (South Dakota)#y Homestake <5 i 2 2 8 55 B 15
P E R bl o 12 (B PRBHPATR B 1 E4ERE - ([HAR R FTZHRY
PR 5T 28 R ER B mT (3 2 3t g A 8 7T 52 B — {8 B B 5 e (Sanford
Underground Research Facility, SURF) - 2017 F5g45 » ERRFEJFEED
(Department of Energy, DOE) | 1Y #f, 24 B} £ ¥t 2\ = (Geothermal
Technologies Office, GTO)H & iz 17— A ALHY 35 58 A 24 (Enhanced

Geothermal Systems, EGS)i4¢512EE Collab » B3 i (EH NS

16



S EH BRI ER S B ST RS — Fe b TR A s B AR A R S
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FH S FH B - AR i e i B L PR MR Sk - RyliEse
B E IR - SR B A AR - Wt —(EER
Bl Egse P e BN aT e BLE TR o M T EREET A E
AYAEEE - Erakth o BRI 55 fr T 0 o A1 Y 52 8 B = ( Lawrence
Berkeley National Laboratory)f*J Craig Ulrich 558 /4 AV A i & & ([
9) > T EAHEEEERRE U Rt N B B = B A SR B o b e e R
FH R 3G SR B S gt PR a AR R /KR ~ KB RS
FHEOETIE - MR SRR E SR I e B R R BT E 58 -
o $ SR Bt B R S S ER ST
® EGS Collab Project: Stimulation and Simulation (ARMA18-1345)
® Natural Fractures and Their Relationship to the EGS Collab Project in

the Underground of the Sanford Underground Research Facility

(SURF). (ARMA-1190)
® The distribution, orientation, and characteristics of natural fractures

for Experiment 1 of the EGS Collab Project, Sanford Underground

Research Facility. (ARMA18-1252)
® Hydraulic Fracture Modeling in Support of EGS Collab Treatment

Designs. (ARMA18-862)
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Applications of Virtual and Mixed Reality in Rock Engineering

Onsel, |. E., Donati, D., Stead, D., and Chang, O.
Dwonrtment of Earth Scionce. Simon Fraser Uniersty, Vancouver. BC, Canada

immersive emironment, via sensory stimul, that "Holo,
a user is able o explore or mieroct with Such an approach aflows ;
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soquires physical worid inpux, and spatialfocation Thermal Sensing

Overloid  cooling phase of com

— Quantitative results can also be displayed
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rock types effectively.

Laser Scanning
cloud and intensity levels can be
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Hyperspectral

Differont RGB values and wavelength
combinations can bo effectively anchorad
an the core to investigate mineralogy.

tons, siope, aspoct,

including cross-sect
height, InSAR, geological and satelite

imagery can be placed in appropriate three|
dimensional space.

Geo-Visualization
Holographic Maps
Holographs of 3D mapping Race
dala sots rapidly produced vith e
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(—) PR EHH

RIERE T B Geofractal EEZEEAN /5] FESEHY Bill Dershowitz 8->
Bill Dershowitz #1734 X 1E Golder 2 S#E T i€ E: > & FracMan sAG
oA ERRIRIR A - BR R a5 R T /KBREIEZ » fEH R /KHYE,
FOEE E ~ BUBRRENE ~ AR - R EESE - BRI - iR
BEERISOTHIA AT 40 SRR AEER - AT TR R REGE R - FGHET
B - SIS N S R T
1. BB ER AR E 2 B EMT22 500 (Centre National de la Recherche
Scientifique, CNRS)y Phiplippe Davy {#1-43= DFN 25t e R
458y - DFN LS ZURIE R M HR I EHE ~ A E & Rt E
MR EEEM  EEBEPEAUR RGN — A Rt S
AT B - (L3RR EER - (2)4EREaR1E - (3)DFN &Rz
(4)BEABE ST ARG R (S) A FEUIEAE FH S 5 (Il iF = (40[&l 10) -
HEERHISET T BE S ITRE M SRR H R (b - DU E
SUSIER] J oA - AF#ErT DFN RESHHEFUERIG - T BRI Bk
Aife(anlE 11) > EFEF
(1) 1£ DFN gyfSEE - REEMFE—(HEEA#RE - R AR RE
TR HH RN EARERE N - R PR B R 58 R0
A E AR (Power Law distribution) g (% -
(2) MEEHVE S ~ FIE - Bl - Brse EH A UE RSB S A
e - (EEEAYIER L - (B35 A B RS T Bl B R Y 1
FME -
(3) DFN RS — M2 EPNE (40 - ks -« Bt ) RS he
I - BB ~ ETEhie R ~ SR I - i i A=
PitE=t -
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(4) {E5ERIE (calibration) DFN Fist 2 R 4% » F/ESEAIB SR
EORHTER (Validation) 4 E e LR A -

2. PETARHSLE EHm L i RERREZE TREWTZERT (the University of British
Columbia, Institute of Mining Engineer )iy Davide Elmo gIIZ#E58H » {¢
Bt A B SR DN A0 A R S Y A A o A ke e 1 ([
12) » i AHEE PRI
(1) HERS A EEE © A SRR U E AR EE N
(2) 2B AREEE © B 2B AN AEENE - BFE2E

HyZE 7= S BT R YA HEETE
(3) PATUAHERE 1 - PRI A et e P > B e ey A A A 1
(4) N AuEEt: « N e ar22 s s Ay RS AR A F
HZEE -
FAHIRREEN: - GE B RARRTE R - &8EE K AR T 2 M
A MR G P N PR B R AT R A BT IS AURRR - TR

Sgrg ity - UG HEEH(S LT -

3. Et&—GE TR A Fy b Golder AEHY/KSUEES Lee Hartley
& o AT R SRR DEN R TR A A T AR 4% i B 5
et R0 > BB EE M R AT o FUEADRAZA0 T ¢
(1) AR & &R (Rt B A ~ B & SRS » BT
[ I HP B & i U (Geological Conceptual Model) 5z S 2L [ 48 k%
280452 (DFN Recipe) » {E BiGhbfEafiiERI (Site Descriptive Model,
SDM)HYALHE (& 13) -

(2) DIE LSRR ~ KO E Y R R PR 4Ers 2 5 - B =
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HEHERCAIR AR 5L (3D DFN Model) » #ETTHE /KOS AT 8L
TREE -

(3) MRATHHML NG I ITEEIR > B AR AR R b1 (i A
HEITIZREI MERISESE ~ AT AErl - DURBEIEHTS - BN AEY)
el (g A e R R B RaE (] 14) -

(4) EEAEHEUBE - WEBIMERETHERY - B A
TEME > MR 2 oA K2t e (F R H R B g IR AY AL
- DS EEE IR BRI ZE -

DFN as a basic concept for fracture media
modeling

10 : DFN R E &R

22



B 11 : fEf] DEN BTy aeniie

| Uncertainty in Rock Eng‘meering Design “-'-'-"'-"-“&;
TR
» L] Thefeanvarimfomofmm\myinmkenqm' y

fing
U%@mﬁ&@memmmmm-,.. .
and interpretation of the s'lre geo\ogyn:nd hydmgso\v:gw‘ renfetion, tarcttaion
Q Parameter Uncertainty: absence of data for Key parameters, spatial variabity in rockisg
properties, and scale effects (.9. intact rock vs. rock mass properiies).
Q Model Uncertainty: gaps in the scientific theory that is required to make predictions on the
basis of causal inference.

0 Human Uncertainty: subjectivity and measurement eror, differing professional opinions.

12 A A TARRETIEAREEME
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DFNE 2018 / Hartley et al

13 SR

Radionuclide
Transport model

-/

\ Flow-path properties:
q, Deposition hole Darcy flux
t, , Travel time
o F,, Flow-related transport resistance

14 © DL DFN fERISP(H B L iR 1L
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Model calibration
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VAR VNS 22w

Step2-— Determine possible Well Locations

18 BB {E LK E
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i of
Step 3 - Determine Maximum Response
Each Well Location

Transport to Well
Peak transport

T}acerAs'ohrce
(108 Bg/a for 1 ka)
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(A)

(B)

1 ....._.Dose corresponding to risk limit___ !
10 5 1
-~ Total dose ( 5.55x107 )| i

100 TH129  (4.36x107) | ]
—Cl-36 (8.61x10™) i

10-1? “Tc99  (331x10%) | 1

f—Uu-233  (2.19x10°) |
102} | —Cs135 (1.73x10%) |
—Se-79  (1.48x10°)
103} |[— s |
Ra-226 (1.32x10°) |
—Np-237 (6.60x107) |

Annual effective dose ( uSv)

10}
107
10°)
107 L BAVACERERNBARERI NN [RONE " et .
9 9.2 94 9.6 9. 10
Time after disposal (years)  x10°
10°|

——Case A, conserv. [HS 7] (5.55x10%)
~—Case B, conserv. [HS 7] (1.46x10"%)

Case C, conserv. [HS 7] (8.32x10)
—Case D, conserv. [HS 7] (3.13x10°%)
|~ Case E, conserv. [HS 7] (0.2687)

—_

S
N
T

Annual effective dose (1 Sv)
o
A

-l
o
.

5 6 7 8 9 10
Time after disposal (yr) x10°

21 : SNFD2017 sz /e ek iE el & AT
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DECOVALEX2019 TASK C (

» The curreat work
is focused on the -
expenments inthe == |
rescarch tunnel
500 m depth

® The modeling
domaun is within
the LSFD

» Significantly less
data i avalable

for LSFD.

« Pressure distribution along tunnel

time

AEA EXPERIMENTS) STUDY AREA

: DA MIU E{5l% 7. PFlotran fEifstEnss

axis, after 173 days simulation

Liquid Pressure (P2]
46EHB
45E406
44E406
430406
426406
41E406

= 23

. DL PFlotran 4538 MIU iR fgest
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In-Situ Measurement

b

bR SR A A B S AT

Summary

2 The geophysical logging of borehole HCBHO1 in Heping Granite shows that brittle shear
20ne occurs more frequentl in the upper rock body (above 296 m depth) than the lower
one. As a result, the Natural Gamma, Resistivity and P-wave velocity in the upper rock
body is generally smaller than those in the lower one.

0 Only one major fracture set can be identified from borehole fracture data, Orientation of

the mean pole is
Fisher’s constant

30), which can be perfectly fit by the Fisher distribution with the

2 Two and can be identified from outcrop traces,

with mean orientations as

_ Based on the data from a single borehole fracture intensity in the Heping Granite is high,
with average Py, of 8.84 m™' and 5 =1 for the upper and the lower rock bodies,
respectively.

0 The exponents of the Power-law fracture size for granite and marble are 2.83 and 3.32,
respectively.
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Staged Approach — Based on Stri

Proposed ‘Validation Experiment’ —
pa SCV Experiment

1" teration

3 EBaluste the fGmitatiors of standard
characterization and preliminary predictions |

15 Evaluate the fimitations of updated analyses |

19 Evaluate the value of each test and analysis
> Document validation of developed approach |

27 RS R AR E
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Simulation conditions and parameters

o Rock properties
»8

28+ SNFD20L7 #5555 I i S U BSES

Steady-state gr

QOBase case
»Each rock unit is trea!

29 RGN Z RS
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Power Law Length Scaling

FRLER88%

=

o
w
o

W W W W

fracture longth (m)

Power Law Odling, N., Scaling and connectivity of joint systems in sandstones from
Western Norway, J. Struct. Geol., 19, 1257 1271 1997

30 HPEIIAHISE TR

~ DFNE 2018's Fracture Size Seminar
From fractured rocks to DFN

Fractured rock Fracture object Fracture population
geology ‘idealized DFN

= Why? A balance between the system complexity and the facility to
Integrate data and provide a stochastic representations in these
fracture population models

« The notion of fracture size is fully related to the transformation
fractured surface - fracture object

« Challenge. How reliable are the predictions of a schel
constrained by real data

31 : DFN 5B HE R e
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Friday, 15 June 2018

Saturday, 16 June 2018

Sunday, 17 June 2018

07:30—09:00

Registration and Speakers Ready Room

Delegate Bags Sponsored by Itasca Consulting Group, Inc.

Short Course 1

Microstructural Modeling of Rock Fracture: Bonded-Particle Modeling with

08:30—16:30
PFC and Bonded-Block Modeling with 3DEC
Whidbey Room
Short Course 2
08:30—16:30 2D and 3D Modeling of Rock Fracturing Processes in Geomechanics

Blakely Room

14:00—17:00

18:00—18:15

Exhibit Set Up/Posters Mounted on Display Boards

Grand Ballroom

Opening Session Grand Ballroom
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Monday, 18 June 2018
07:00—18:45 Registration and Speakers Ready Room
07:00—07:50 Author's Breakfast
Track A Track B Track C Track D
Fifth Avenue Room Cascade Ballroom | Cascade Ballroom |1 Elliot Bay
08:00—09:30 Technical Session 2 Technical Session 6 Technical Session 10 Technical Session 14
' ' . Geotechnical . Geomechanics in
Geomechanics of Experimental
. Laboratory and . Geothermal
Unconventionals . . Studies
Field Testing Processes
08:30—16:30 Exhibits Open
09:30—12:30 Special Activity Seattle Sights Bus Tour
09:30—10:00 Coffee Break, Exhibits
Keynote Address
10:00—10:50 - - : :
Tony Dell, Engineering Specialist-Geotechnical, SNC Lavalin
Track A Track B Track C Track D
Fifth Avenue Room Cascade Ballroom | Cascade Ballroom 11 Elliot Bay
Technical Session 2 Technical Session 6 Technical Session 10 Technical Session 14
_ _ Advances in the
11:00—12:30 . Simulation of
Hydraulic S
. General Damage and Seismicity in
Fracturing . . .
. Geomechanics Fracturing Mining
Modeling .
Processes in Rocks
and Rock Masses |
12:30—13:30 Lunch( on Your Own)
12:30—13:30 Lunch Meeting of the ARMA Publications Committee
12:30—13:30 Lunch Meeting of the ARMA Technical Committee on Hydraulic Fracturing
12:30—13:30 Meeting of the ASCE Rock Mechanics Committee
Technical Session 3 Technical Session 7 Technical Session 11 Technical Session 15
Advances in the
i i Simulation of
14:00—15:30 Heavy Oil New Developments Damage and Ground Control
Geomechanics in Geomechanics Fracturing in Coal Mining
Processes in Rocks
and Rock Masses |1
15:30—16:30 Technical Poster Session, Exhibits, Coffee Break
Track A Track B Track C Track D
Fifth Avenue Room Cascade Ballroom | Cascade Ballroom 11 Elliot Bay
Technical Session 4 Technical Session 8 Technical Session 12 Technical Session 16
. Developments in L
. Reservoir . .. Seismicity and
Sanding . Backfilling Mining : L
Geomechanics Microsesimic
Stopes S
Monitoring
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Tuesday, 19 June 2018
07:00—18:45 Registration and Speakers Ready Room
07:00—07:50 Author's Breakfast
Track A Track B Track C Track D
Fifth Avenue Room Cascade Ballroom | Cascade Ballroom |1 Elliot Bay
Technical Session 17 Technical Session 21 Technical Session 25 Technical Session 29
08:00—9:30 Rock Physics and
Casmg/Ce_ment/Fo Hydrau_llc Slope Stahility in Ge_ophysms for
rmation Fracturing . integrated
. . Mines .
Interations Experimental Geomechanical
Characterization
08:30—16:30 Exhibits Open
09:30—10:00 Coffee Break, Exhibits
2nd ARMA Distinguished Lecture
10:00 —10:50 : _ o :
Charles Fairhurst, Prof. Emeritus, University of Minnesota
Special Activity
10:30 —13:30 _ o _ _
Guided Food and Historic Walking Tour of Pike Place Market
Technical Session 18 Technical Session 22 Technical Session 26 Technical Session 30
11:00—12:30 | saltand Injection Hydraulic Slope Stability, Imaging
. Fracturing Dams and Technologies for
Geomechanics ; . .
Geomechanics | Foundations Geomechanics
12:30—13:30 Lunch (on Your Own)
12:30—14:00 Lunch Meeting of the ARMA Future Leaders
Track A Track B Track C Track D
Fifth Avenue Room Cascade Ballroom | Cascade Ballroom 11 Elliot Bay
Technical Session 19 Technical Session 23 Technical Session 27 Technical Session 31
14:00—15:30 . Experimental HIE Il NIDIE
Hydraulic - Techniques for
. Hydrothermal and Mining Case .
Fracturing . . L2 Material and
. Biological Rock Histories .
Geomechanics 11 . Microcrack
Mechanics ..
Characterization
15:30—16:30 Technical Poster Session, Exhibits, Coffee Break
Track A Track B Track C Track D
Fifth Avenue Room Cascade Ballroom | Cascade Ballroom 11 Elliot Bay
Technical Session 20 Technical Session 24 Technical Session 28 Technical Session 32
16:30—18:00 Hydraulic - AE for Lab Scale
. .o Case Histories- Fracturing
Fracturing Lab Studies: o . : N
L . Civil Engineering Monitoring and
Special: Acid and Unconventionals : .
Projects Microcrack
Refrac .
Detection
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Wednesday, 20 June 2018
07:00—14:00 Registration and Speakers Ready Room
07:00—07:50 Author's Breakfast
Track A Track B Track C Track D
Fifth Avenue Room Cascade Ballroom | Cascade Ballroom |1 Elliot Bay
Technical Session 33 Technical Session 37 Technical Session 41 Technical Session 45
08:00—09:30
Formation Tunnels and Coulzﬁll:eic(ij:rr?\?:rs]ses,
Laboratory Underground Wellbore Stability |
. Fracture, Caprock
Evaluations | Structures ;
Integrity
08:30—16:30 Exhibits Open
09:30—10:00 Coffee Break, Exhibits
Keynote Address
10:00—10:50 : - :
Andrew Bunger, Assistant Professor, University of Pittsburgh
Technical Session 34 Technical Session 38 Technical Session 42 Technical Session 45
. Numerical .
11:00—12:30 Formation Modeling of Civil | Wellbore Stability | ore:Scale. Micro,
Laboratory . . and Nano Rock
. Engineering 11 .
Evaluations 11 . Mechanics
Projects
12:30—13:30 Lunch (on Your Own)
12:30—14:00 Lunch Meeting of the Seattle and New York Organizing Committees
Technical Session 35 Technical Session 39 Technical Session 43 Technical Session 47
14:00—15:30 | Formation Stress NITEIEE] DIl Gemer CO; and CBM
- Modelling in and Bit .
Evaluations . . Geomechanics
Geomechanics | Geomechanics
15:30—16:30 Technical Poster Session, Exhibits, Coffee Break
Technical Session 36 Technical Session 40 Technical Session 44 Technical Session 48
16:30—18:00 ANEIELIE ez Ground Control in Injection
Fracturing Stress Modelling in L. .
. . Hard Rock Mining Geomechanics
Evaluations Geomechanics 11
18:00—18:15 Closing Session




Wt5% 11. 2nd DFNE k&

DFNE Wsf&s 1 H

Wednesday, June 20

DFNE Opening Keynote Lecture - Pine

Hydrogeochemical Modeling

DFN Approaches for Slopes
and Tunnels

08:30—09:30 N , ,
Philippe Davy: DFN, why, how and what for, concepts, theories and issues
09:30—16:30 ARMA Trade Show - Grand Ballroom 111
09:30—10:00 Refreshment Break - ARMA Trade Show
ARMA Keynote Address - Grand Ballroom /11
10:00—11:00
Andrew Bunger: The Making of a Hydraulic Fracture Swarm
Pine Mercer/Denny Elliott Bay
11:00—12:30 Solute Transport and Safety Surface and Underground Constraining DFN
Assessment Mine Stability Models from Data |
12:30—14:00 Lunch (on your own)
Pine Mercer/Denny Elliott Bay
14:00—15:30 Geothermal and

Constraining DFN
Models from Data 11




DFNE Wsl&s 2 H

Thursday, June 21

DFNE Thursday Keynote Lecture - Pine
09:00—10:00 | Davide EImo: DFN analysis and modelling as the key to a better understanding of rock

mass behaviour

09:30—17:30 DFNE Trade Show and Posters - Pike
10:00—10:30 Refreshment Break - DFNE Trade Show
Pine Mercer/Denny Fifth Avenue Grand Crescent
. Groundwater
e — iz | eeemesy Feenle Rock Blocks and Flow and
Fracturing S DFN Flow Models . .
. . Comminution Radionuclide
Diagnostics Transport
12:00—13:30 Lunch (on your own)
DFNE Thursday Seminar — Pine
13:30—14:30 _ _
Approaches for Naturally Fractured and Stimulated Reservoirs
14:30—15:00 Refreshment Break - DFNE Trade Show
Pine Mercer/Denny Fifth Avenue
15:00—16:30 . . Wave Propagation in Dynamic Stress from
DIEH eserialy Caee Sz Fractured Media Hydraulic Fracturing
16:30—17:30 DFNE Poster Presentation Reception - Pike

Vi
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Friday, June 22

08:30—15:00 DFNE Trade Show and Posters - Pike
DFNE Friday Keynote Lecture - Pine Room
09:00—10:00 Lee Hartley: DFN Modeling for Geological Repositories
in Crystalline Rock in Sweden and Finland
10:00—10:30 Refreshment Break - DFNE Trade Show
Pine Mercer/Denny Fifth Avenue
10:30—12:00 i izati
Coupled Prqcess DFN Rock Mass Effective Properties Site Charac_:terl_zatlon
Modeling | and Validation
12:00—13:30 Lunch (on your own)
The First DFNE Fracture Size Seminar - Pine Room
13:30—14:30 _
Your Chance to Advance DFN - An Interactive Approach to a Key DFN Conundrum
14:30—15:00 Refreshment Break - DFNE Trade Show
Pine Mercer/Denny Fifth Avenue
15:00—16:30 Computational

Coupled Process DFN

Modeling 11 DFEN Rock Mass Modeling Improvements to DFN

Flow

Vil
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reference case data for SNF disposal in Taiwan

: Construction of DFN-based hydrogeological model using

DFNE 18-820

AR

Construction of DFN-based hydrogeological model o
using reference case data for SNF disposal in Tarwan

Tsai-Ping. Lee
Tarwan Power Company, Taipei, R.O.C {Taiwan)

Copyright 2018 ARMA, American Rock Mechanics Association

This paper was preparsd for presentation at the 2™ International Discrete Fracture Network Engineering Conference held in Seattle, Washington,
USA, 2022 Jume 2018. This paper was selected for presentation at the symposium by an ARMA Technical Program Committes based on a
technical and critical review of the paper by a minimum of two technical reviewsrs. The material, as presented, doss not necessarily reflect any
position of ARMA, its officers, or members. Electronic reproduction, distribution, or storage of any part of this paper for commercial purposes without
the written consent of ARMA is prohibited. Permission 1o reproduce in print is restricted to an abstract of not more than 200 words:; illustrafions may
not be copied. The abstract must contain conspicuous acknowledgement of where and by whaom the paper was presented.

ABSTRACT: Tarwan Power Company (TPC) has responsibility to well manage the spent nuclear fiel generated from three nuclear
power plants in Tarwan and to plan domestic final disposal facilities according to the muclear related Act in Tarwan. We adopted the
KBS-3 disposal concept developed by Swedish SKB at present to develop our disposal technology capabilities. An offshore island
mainly composed of crystalline rock was chosen for research and development purpese and regarded as a reference case in our
Techmecal Feasibility Assessment Report on Spent Nuclear Fuel Final Disposal. A simplified conceptual geological model was
established based on § boreholes (up to 300-meter depth) and surface survey. The fracture analyses and statistical DFN description
were conducted based on the geophysical logmng data and outerop measurements to generate a DFN model The equivalent
contimous porous medm (ECFM) approach was then mplemented to simulate regional groundwater flow. These results could

provide the needed performance measures for the following radiomclide transpert and safety assessment.

1. INTRODUCTION

According to the Taiwan's “Nuclear Materials and
Fadicactive Waste Management Act”, the waste prodocer
is responsible for the waste management, storage and
final disposal. Therefore, Taiwan Power Company has
submitted a Spent Nuclear Fuel Final Disposal (SNFD)
Plan to regulatory authorities since 2004 and re-evaluated
every 4 years. The updated version was modified in 2014,
and then approved by Atomic Energy Council in 2015.

Because deep geological disposal remains the preferred
option for waste management of spent nuclear fuel and
high-level radicactive waste in most countries, we
adopted the KBS-3 disposal concept developed by
Swedish SKB at present to develop our disposal
technology capabilities. Currently, we have made a lot of
efforts to show we do have potential host rock in Taiwan
and tried to characterize it. An offshore island mainly
composed of crystalline rock was chosen for research and
development purpose and regarded as a reference case in
our Technical Feasibility Assessment Eeport on Spent
Nuclear Fuel Final Disposal (abbreviated as the
SNFD2017 report).

Following the arranged 5 stages in the SNFD Plan, we are
ready to complete the first milestone of potential host rock

Vil

characterization and then move to the next stage of
candidate site selection. During the stage of candidate site
selection. we will complete the survey of recommended
area, establish our performance and safety assessment
capabilities, and finally propose at least 2 prionity sites for
detailed investigation at the end of this stage.

In this study. the field data of the eastern reference island
we called K area were summarized and reviewed. A DFN
recipe established for this area is used to construct a
simplified hydrogeclogical model by Fracman. The DFN
related methods and analysis results were then applied in
the SNFD2017 report.

2. DFN MODEL CHARACTERIZATION

At present, there is no candidate site has been proposed
and no systematic detailed field investigation has been
conducted in Taiwan The reference case 13 just a
hypothetical platform for technical development. There is
a data list we called Table-II (Geological Conceptuoal
Model and Characteristic Data) which is mainly collected
form the K area and based on the data compiling structure
of a site descriptive model. The needed parameters were
illustrated by combining the limited fracture and surface
lineament survey data, well logging records from 6
research boreholes, and proper assumptions which are
refer to the SKB’s SR-site report (SKB, 2011).



2.1 Geological Setting

The K area is referring to the eastern part of an offshore
island located at western Taiwan strait. A preliminary
geological conceptual model of K area has been
developed and proposed in SNFD2017 report as Fig 1.
The map also demonstrates the location of survey
outcrops, investigation lines, and research boreholes.
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Fig. 1. Geological map of K area.

The K area is mainly composed of granitic gneiss and
intersected by several dolerite dikes and fanlt zomes.
Following the conceptual model, the main fault (F1),
Fracture zone (F2), and 10 explicitly represented dikes are
regarded as determimistic stuctures in this study. The
geometries of F1, F2, and the dolerite dikes are shown in

Fig. 2.
16m
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Fig. 2. Locations of fault zone, fracture zone, dike, and rock unit.
The profile of red dash line is shown in ight.

2.2, Borehole Data

Becanse the imaginary facilities are located in the
northeast of K area and within the range of R1 rock unit,
boreholes KMBHO1 to EMBHOS are mainly used for
fractore characterization (Lin et al., 2003, Chang et al.,
2003, Guo et al, 2003). The fracture intensity data is
referning to the optical televiewer records for Table-II, we
also conducted an alternative analysis using acoustic
televiewer records for comparison as uncertainty research
in the future. The fracture intensities are represented using
the cumulative fracture intensity (CFI) graphs with depth
as Fig 3.
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Fig. 3. Plot of cummlative fracture intensity with depth at
EMBHOL.

The colored area in Fig. 3 represents the known fanlt zone
and fractured zone confirmed by core logging A
maxinmm Terzaghi weight of 7 (Terzaghi 1965) was then
used to comect the linear fracture imtensity (Pig). The
comected Py values are similar at nearby boreholes
(EMBHO01, 02, 04) and EMBHO03, but higher at
KMBHOS. The apparent difference of fracture intensity
(Pic) with depth illustrates that there is a boundary
between regolith and lower less weathered granitic rock
The thickness of 70 m to this boundary is estimated.
According to the Table-II the averaged Py, value of lower
fracture domain is about 0.3 m™, the Pip value is much
higher to 2.4 m™ for the upper fracture domain.



Fig. 4 illustrates the ecual-area and lower-hemisphere
stereonets for fracture pores, the fracture orentation
analysis is calculated only from KMBHO1 to KMBHO04 in
accordance with the TableIl. According to the Fisher
distribution, there are four main fracture clusters
identified in the upper fracture domain. A main
proporticn of sub-horizontal fractures with a fractore dip
close to about 10 degrees is observed. However, another
steep fracture cluster could dominate the preferential flow
path. Regarding the lower fracture domain_ the orientation
and proportien of fracture are divided mto five main
clusters. These results reanalyzed from borehole raw data
are consistent with the Table-IL

Uppssr Fractura Domain Lower Fracturg Domain

Upper Fraciure Domain
Terzagn | Crmection

Fig. 4. Borehole fracture orientations for upper fracture domain
and lower fracture domam Top represents mo comection;
bottom 15 comrected by Terzaght method.

2.3, DFN Parameters

The fractures related parameters uwsed for constructing

DMNN-based hydrogeological model are shown in the

section(7 of the Table-Il. The fractures are generated

according to the Univariate Fisher orientation distribution

as Fig 4. Each fracture cluster is defined using trend,

plunge, and concentration (x). The spatial arrangement of
fracture centers is assumed by stationary random (Poisson)
process. About the fracture size distribution (k.), a power

law shape factor of 2.6 is suggested. The minimmum radms

value is set by 0.1 m for the location parameter (rg). We

also applied a truncated fracture size distnbution with a

oinimum fracture rads of 4.5 m, and the maximum

fracture size is limited by 564 m. The range is determined

through the relation

[
By Fua - Tems ) = mrz—n-,m -By(r.) 0
(]

where PiFmm Fmx) is the spatial fracture intensity
corrected with determined fractore radius between the
minimum and maximom fracture size (La Pomte et al.,
2008, Follin et al., 2006). It is noticed that the minimum
fracture size of 4.3 m is recommended instead of 5.64 m
in order to enhance the connectivity. The relative fracture
intensity for each fracture clusters is evalnated. The
spatial fracture intensity P, is assumed to be congruent
with the corrected linear fracture intensity Py (Table 1).

Table 1. DFN Fecipe for K area (Modified from TPC, 2017)

Fracture property Upper fracture domain (< 70 m)

Lower fracture domain {> 79 m)

Trerd | Plunge f & Pus
Cluster 1: 198 18] 18] 3%
Cluster 2: 155, 4 15/ 4%
Cluster 3: 264/ 20/ 16/ 18%.
Cluster &: 587 B1Y 11/ 32%

Fracture Clustars
{Uinivariane Frihied

Teand ] Fluegs f ko

Chuster 1= B5/ 177 207 15%
Chister 1 3447/ 38 18/ 248
Chyter 3- 281/ 29/ 16/ 30%
Clusterd: 1347 33/ 177 10%
ChestorS: 175/ T8/ 10/ 21%

Fracture Locstion Stationary random | Porson| prooess

Frachure intencity P4 | P
ks2g
[T T —,
Fracture sice mellm
|Foewer ) AP PR —
Foe= 4.5 1
fo=
Frocture Traramissiity T =9 L0 P T=53m 10y s
{miz) i oo acheh Tichure [Ty —

Due to the lack of detailed hydramlic test for K area at
present, there are no sufficient data and suitable relation
developed between fracture parameters and fracture
transmissivity. Refer to the Swedish Forsmark site, the
following empirical equations are recommended in Table-
II for the Fracman MAFIC

T, perdomain =90 102 x (7)% o
I}Mm=5.3xl[}'1lx(r)u_s &

where r is the radius (m) of a disk fracture (Vidstrand et
al, 2010). A power law relationship between fracture
transmissivity and fractore radms 1s shown in Fig_ 5.
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1E08 5 Upper fracture domiain

1EO7
LEGE -
108

1E10 3

Fracture transmissivity (m’fs]

1B lower fracture domain

1612 d—itanag s ianem e s ania s
1E-03 1EO2 1.E-QL 1 E+D0 LEsD1 1E+Q2 1E+03  1.E+Dd
Fracture radius (m)
Fig. 5. Relationships between fracture transmmssivity and
fracture radis.



The transport aperture of fractures is defined as
e=05JT @

where e is the transport aperture (m) of a fracture, T is the
transmissivity (m%/s) of a fracture. (Follin et al, 2005).

3. MODEL SET-UP

3.1. Model Domain

The model domain covers all the terrestrial part of K area.
The grid was generated from a decimated topography
surface of a 100 m scale triangular surface to the depth of
-2,000 m (Fig. 6). There is total amount of 590,400 cells
at a grid discretization of 120 x 120 x 41. The refinement
was hierarchically applied from surface to the depth of -
500 m where is the location of imaginary repository.

Elenation (m)

Fig. 6. Model domain with surface topography and grid. The
upper domain is colored in yellow. The lower domain is colored
In green.

The upper domain (above 70 m depth) and lower domain
(below 70 m) were mainly modelled by equivalent
continuous porous medium (ECPM) after fracture
generation and upscaling. A small specific DFN domain
(1,400 m x 1.400 m x 400 m) was placed around the
repository (Fig. 7 and Fig. 8) inside the lower domain to
implement hybrid DFN approach using Fracman.

“
A

Fig. 7. Hybrid DFN model domain and repository location.

Xl

Fig. 8. Zoom of the hybrid DFN model domain.

3.2, Fracture Generation

Fig. 9 represents a single realization of fracture generation
which consists of total 21,017,366 fractures based on the
parameters listed in Table 1. The upper domain reveals
higher fracture transmissivity of about 107 to 10 m?s.
The fracture transmissivity of lower domain ranges from
10 to 10 m?/s. These fractures were used to provide the
up-scaled properties for the ECPM regional scale model.
After clipping fractures out of the specific DFN domain,
there are still 94.877 fractures remained for the hybrid
analysis, and 10,122 of the generated DFN fractures are
connected to the specific domain boundary.

Trawmiaraty (]

Fig. 9. The sample of one DFN realization, where each fracture
is shown by its color with transmissivity.

3.3. Deterministic Structures

The fault (F1) and fracture zone (F2) illustrated in Fig. 2
are regarded as main permeable conduits with assigned
hydraulic conductivity of 5%10° m/s. The F1 is a NE-
trending normal fault with orientation of N64°E strike and
70°N dip. The width is set to 200 m_ The strike and dip of
F2 1s N80°W and 80°N respectively. The width is set to
20 m The 10 dikes of 100 m wide are believed to have
lower hydravlic conductivity of 1x10" m/s than the
surrounding rock mass of 1x107° m/s (Fig. 10).
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Fig. 10. Up-scaled hydraulic conductivity values (kw) n the x
direction.

3.4 Upscaling

Appropriate setting for the characterization of fracture
permeability was described in section 2.3 and 3.2, the Oda
analysis (Oda, 1985) was then performed using Fracman
unpscaling code (Dershowitz et al., 1998) to calculate the
hydraulic conductivity temsor components of each
direction. Therefore, the fracture size and conmectivity
were not considered due to the limitation of upscaling
method. The resulting up-scaled hydraulic conductivity in
both x duection (k) and y direction (k) all mamnly
ranged from 10 to 10 m%s. The mininmm hydraulic
conductivity in z direction (k) is lower to about 107 m?/s
(Fig. 10).

3.5. Repository

B

Fig. 11. Example reahization. Upper part shows the intersected
fractures to the deposition holes. Lower part is a close-up view
of the yellow square.

According to the SNFD2017 report, a conceptual
underground facility with reference layout composed of a
1.200 m long main tunnel and 62 deposition tunnels is
proposed. The disposal tunnels are designed to be 300 m
in length, 4.8 m in height. 4.2 m in width, and 40 m apart.
The deposition holes are 7.8 m in height, 1.75 m in
diameter, and 6 m apart. The imaginary repository is
positioned on the north-east part of the K area. The
analysis of fracture intersection and fractures connection
around repository are conducted to provide an mnaginary

Xl

release point due to the failure of deposition hole. There
are total 88 fractures intersecting the deposition holes in
one single realization. One of the intersected deposition
hole shown in Fig. 11 with blue color was used to analyze
the release path.

3.6. Boundary Condition

According to the reference case, the hydranlic head was
assumed to be equal to the elevation. Several different
combinations of lateral and bottom boundaries were
conducted for the SNFD2017 report. A simplified
assumption with no-flow boundaries was then assigned
for safety assessment like this study. The constant head
can be described as a coefficient to X, Y, and Z
dimensions, so the initial head was given by

H[x,y,z)=H(x+H,y+H,z+H‘, (&)

Where H: is assigned to be 1 and others are zero for the
consistency of assumption.

4. RESULTS

The resulting head distribution of regional ECPFM model
is illustrated in Fig. 12. It is clearly seen how the head
distribution affected by the topography. Companng the
results to the SNFD2017 report, some shght difference
may come from the different lateral boundary geometry
and less cells in this study. To analyze the flow path
especially in DFN model, reducing the cells in the hybrid
model is necessary due to the hmitation of program.
Groundwater flow analysis for this simplified hybnd
DFN model 1s then performed using the same condition
as shown in Fig. 12

Hhoad |t

Fig. 12. Hydraulic head distribution of regional ECPM model
(lef¥) and simplified hybrid DFN model (right).

Based on this simplified model, preliminary particle
tracking analysis was tested orginating from the
supposed failure canister in the deposition hole shown in
Fig. 11. The results are shown as Fig. 13. The upward
traveling particles may be influenced by the resultant
local gradient from the hill around.



Fig. 13. Example of particle tracking on a vertical slice in the
YZ plane of simplified hybrid DFN model.

5. CONCLUSION

The DFN related parameters for Taiwan’s reference case
were reviewed and reamalyzed A DFN-based
hydrogeological model was constructed using Fracman
by considering both deterministic structures and
stochastic fractures. Because it 1s not feasible to conduct
groundwater flow analysis vsing all generated fractures,
the ECPM approach was applied and a DFN model
remained around repository was combined as a hybrid
model. A  preliminary analysis for steady state
groundwater flow was performed consistent with the
SNFD2017 report. Particle tracking calculations were
tested using the simplified model. Such a process for DFN
model construction will keep developing to provide
necessary performance measures for the following
radionuelide transport and safety assessment.
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ABSTRACT: As the owner and operator of all WPPs in Taiwan, Taiwan Power Company (TPC) is responsible for the mansgement
of high level radicactive waste. According to the R&D results of TPC, TPC has accomplished "The Technical Feasibility
Aszessment Report on Spent Nuclear Fuel Final Disposal (SHFD2017 Report)™ to make sure that the geological condition of Taiwan
iz smitable for geological disposal. The geological concepmal model developed in SMFD2017 Report is based on the geological
geophysical and geochemical surveys conducted on K area, which is a granitic offshore island. A hydrogeological concepial maodel
is constructed according to § boreholes logzing data. Furthermore, all information derived from fisld data and in-sit hydreulic tests
are reorganized a: needed by DFN recipes. In the preliminary stage, TPC has been required to develop varous underground
assessment technigues which will be used under fracired crystalline rock enviromment Basing on this SDM, a preliminary safety
assessment and safety case have been accomplizhed Al the results have been integrated to “Taiwan case™ in SWFD2017 Feport.

1. INTRODUCTION
In 1979, the first ouclear power plant (NPF) was launched

in Taiwan In 2017, 6 reactors are still in service in 3 NFPs.

Being the owner and operator of all NPPs i Tarwan,
Taiwan Power Company (TPC) has been requested by the
government to be resporsible for both the management
and disposal of radioachve waste. The B&D programs
(Fesearch and Develop programs) for the spent muclear
fuel disposal were executed m 1986, and the “Spent
Nuelear Fuel Finzl Disposal (SNFD) Plan was submitted
in 2004. The schedule of the SNFD can be divided mto
five stages as following:

(1) Investigation and Evaluation of the Potential Host
Fock (2005 to 2017}
(1) Selection and Determination of Potential Sites
(2018 to 2028)
(111} Detailed Site Investization and In-Situ Tests (2029
to 2038)
{1v) Repository Design and Safety Assessment (2035 to
2044y
(V) Repository Construction (2045 to 2055)
The purpose of the first stage 15 to assess the feasibility of
SNFD m Taiwan, therefore, TPC started to camy out
geolopical geophysical and peochemmcal swveys to
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establish the geclogical and hydrogeclogical conceptual
modals m Taiwan, and the Prelminary Feambality
Assessment Report for the SNFD Technology in Taiwan
(SNFD2009) had been submitted in 2009. In this report,
3 types of potennal host rock for SNFD were purposed,
which included gramites, mudstones (inchiding shale,
argillite, and slate), and Mesozoie bazement rocks.
Moreover, the preliminary conceptual modals of geology
and hydrogeclogy 1n K area, where 15 a gramitic 15land in
offshore, Western Tarwan (see Fig. 1), were purposed in
“The Techmeal Feasibibity Assessment Keport on Spent
Muclear Fuel Fmal Disposal (SNFD2017 Report)”. In
addition, dunng the process of developing the report, our
faculty can be equpped with sufficient knowledge of
engineermg and safety assessment technigues for SNFD.

The preluminary geologmical conceptual model 13
constructed by mtegrzhion of surface geolozmcal and
zeophv=ical investigzfon and boreholes data, and the
prelminary hydrogeclogical conceptual model 1 based
on the geological, geophysical and geochemical swrvey in
E area Furthermore, all the parameters from field data
and in sim hydraulic test are reorgamized as discrets
fracture network (DFN) recipes to use m hydrogeclogical
concept.



Fig. 1. Location of potential host rocks in Taiwan and K area

2. METHODOLOGY

2.1. Geological Conceptual Model

The geolozical conceptual model was bazed on geological
and geophysical swvey field work during 1999 to 2012,
in K area. Geological mapping and swrface gravity and
magnetic (GM) swvey were compiled to obtam
distmbution of structwral lmeaments. According to
resistivity imaging profiles (RIP), identification of major
water conducting features (MWCFs) can be differentiated
from water-less structures to further understand spatial
extension and distnbution of MWCFs. Integration of
aforementioned data. K area could be dmided mto 3
geological umits: rock umits in kithology, MWCFs, and
dolentic dykes. The parameters of geological units were
descnibed in Table 1.

From 2002 to 2007, 6 cored boreholes (RMBH#) of HQ
size with 300 m depth were dnlled. These boreholes were
used to venfy the accuracy of swrface geological survey
and formed to in situ hydraulic test. The underground
fractures were mapping by geophysical logzing (borehole
camerz and full-waveform sonic log).

XV

Fiz. 2.Geological and geophysical survey of K area

2.2. Hydrogeological Conceprual Model

The hydrogeological conceptual model was established
by in-situ hydraulic test data. Together with core logging
data, 4 hydraulic units were concluded.

(1) Regolith (RO)
The top layer of the regolith 15 more than 10 m of
clay and gramite gravels; the underlying layer 1s
gramte gneiss fractured by exfoliation joints.

(1) Intact rock units (R#)
The granite umts are mostly intact and often
truncated by amphibolite dikes. The granite
bedrocks are rarely fractwed. The fractwes
observed are high angle joints that extend to
shallow aquifers.

(111) MWCF (F#)
The cross-hole (KMBHO01-02-04) testing indicated
that TaitWuShan (TWS) fault (F1) and the related
branch fractures (F2) are fractured and highly
permeable.

(iv) Flow bamier structure (D#)
The crosz-hole (KMBHO01-02-04) testing indicated
that the northeast oriented dolentic dikes in the K
areza were the important flow bamier structure.
Hence, groundwater flowing towards northwest
may not be able to cross this discontinuty. The
surface geological survey shows that the frequency
of this flow bamier could be reasonably assumed to
be 100 m width per 1,000 m spacing.




Table 1. Geological and hydraulic unites

RO Rl R2 B3 F1 F2 D=

Unite ID - N i TWS 1ok . TWS Lt .

Fegolith TWS rock mass mass Tramsition zone TWS fault beanch Diplentic diks

. y Gramitic gmefss, | Granitic Granitic  pmeiss, §

Lithology regolith Mi it —— Mi i Fault zone Fault zone Diplente
Thickness (z=) 70 - - - =150 B-13 100m per km
Smike/dip - - - - N&2E/7TON | N30W/505 NIOEBIN
Hydraulic Sxl0®m [ 41x10¥w | 41x107" | 41x10%w 3x10 %0 [3x10"w | 41x10F
conductivity fms | L= 107% 1= 1077 mlx107" [ 1x107 1x 107 1=107* tod.6 x 1071
Effactive Parosity - - - - 0.01 0.015 -

The confimuration of these hydraulic units are shown
the Fig. 3. The results of oxygen and hydrogen stabls
isotopes indicated the sroundwater collected from TWS
fault zone were supplied by the infiltration and recharge
of meteoric water. The groundwater flows n the
northwest direction along fracture zones and changes to
the north direction after passing the F1 and dolentic dikes.
Thus, groundwater flow i the K area 15 affected by dikes,
F1 and F2 structures, the boundary condihons are factors
that affect the sroundwater flow.

Some simplifying assumphions m the conceptual model 15
deseribed below. The geomerphology of the eastern
Emmen 15 similar to western Eipmen Base on the
observation of thick sedimentary layers at the central of
the island, a no-flow boundary condifion 15 assumption
for the western side of the K area. Groundwater flow 13
slower wnth depth merease. Therefore, a no-flow
boundary condihon 15 applied for the model bottom
assuming the bottom 15 at a sufficient depth. The side
boundaries, except the western and bottom sides, could be
assigned to be Dinchlet boundary conditions For the
shallow level, the boundary conditions depend on the
gutcrop, which means the numerical grids for outcrop
could be assumed to be no-flow boundary condition and
the rest are assumed to be Dinchlat boundary condrtion.
For the deep level, the northwestern and southeastern
boundanes for the K area in the numerical modeling conld
be assumed to be Dmchlet boundary conditions,
assuming the topegraphy of southeastern Clina does
affect groundwater flow in the K area

W p--hen-m o oy

-Fig. 3. Hydrogeological concepmal model of E area
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2.3 DFN Recipes
In SNFD program, 3 types of fractures measurements
were used m filed works. Outcrop frachwes were
measured by scan-lne, tunnel fractures were measured by
scan-window, and borehole frachwes were measured by
borebole mage. In this study, only borehole fractures
were selected to generate the DFN receipts. The fractures
from EMBHO1 to (4 exlubit simmlar vanation pattern with
depth, FDMA and FDMB fracture domains are separated
at 70 m depth. The FDMA are classified into 4 chusters,
and the FDMB are classified into 5 clusters (see Fig. 4).
Fracture size (%, La Pointe, 2002 hs followed power-law
distribution as 2.6; o 1s intentionally changed from 0.03
m to 0.1 m in order to create larger fractures to generate
more connected fractures for demonstaton pwposes.
The hmt of fracture s1ze 15 given by “eq. (1).7
) Bkl {2y

Pya[Tintns Tmax] = Pazlr 2 n) [%} (L)
Fracture transmissivity used the empirical equations from
Forsmark, Sweden {(Vidstrand et al., 2010).

Tppaa = 151 % 1077 % (107) (2

Tepmg = 3.98 % 1071 » (L7) (3

o

BTV
BTN

Fig. 4. Clusters of FDMA and FDME

And the transport aperhare 15 also an empmical equation
from Sweden (Follin er al, 2005). All the parameters of
DFH recipes shows m Table 2.

e=0.5VT 4



Table 2. DFM recipes of K area

Elevation (m) 0w 500 tn-70
Fractme | Chwserl | (108, 15, 15, 26%) | (65, 17, 20, 1537}
chusters Cher2 | (1554, 15, 34%) | (394, 38 18_34%)
(Trand, Chumerd | (264,23, 16, 18%) | (281, 20, 16, 30%)
Fhnge, = . [Chwwd | (08 81 11 30%) | (14, 20 17 10%)
Py w) Thmer s = (175, 75, 19, 11%)
Fracmure intensity Po=14 Po=03
Fracturs size (m) k=18 =], reemd S =364
Transprt aperture (m) &= 05T
Fracrurz sivity ) | 251% 1077 s (107 | e 10710 & (L05)

3. RESULTS AND DISCUSSION

The groundwater flow meodelling iz constructed om
DareyTools, a finite volume code developed for the deep
rock behaviowr in large scale by SEB (Svensson et al
20103, The following results show the companson
between base case (BC) and vanaton cases.

Base case (Fig 5.) 15 a simplified model of K area, the
boundary condition was set as specified head at top and
no-flow at lateral. The existing dvkes affect the flow paths
mainly toward to the northeast direction. Some particles
move deeper mizht been affected by the zradient of TWS.
Most of the particles discharge on the land and close to
the shoreline, a few of particles were canght by F2 and

discharge.
| Base Cise l

Fig. 5. Flow Path and discharge distribution of base case
According to the practices of Forsmark site, (Follin, 2008)
it mdicates that both fracture frequency and permeability
decrease with depth. This is typically modelled as a
confimuons change or mn steps. To test the sensitivity of
flow and transport to a step change, case I (Fig 6.) 15 mm
where the hvdraulic conductvaty below - 700 m1s reduced
to 1 % 107 m/s. It means the bottom of the modelling 1s
a no-flow boundary. It cause the flow path decrease and
particles toward deeper layer more difficultly.
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Drvkes are generally believed to be lass permeable than
the host roeck. In the base case representation, the dykes
have a hydraulic conductivity of 1 % 107" m/s. Case IT
(Fig. 7) 15 run where the conductivity 15 reduced to 1 x
107" m's. The results mdicate dykes form a group of
aguiclude. Most flow paths are parallel with dykes, and
more particles move deeper. The result of simulation 1s
faurdy smular to BC.

L.

Fig. 6. Flow Path snd discharge distribution of caze I

44

Fig. 7. Flow Path snd discharge distribution of case IT
K area1s geograplically close to mainland China, it might
be assumed a regional gradient could influence the local
flow. In practice, Case III (Fig. ) is obtained by taking
the head on the upstream boundary from BC increased by
80 m (the length of the island in the NNW to 5SE
direction being approxmately 8 km) This results m a
gradient of 1% m the NNW-55E dwecton. The results
show that the flow paths now are not as deep as i BC,
and that the pressure field 15 quute different, too. The local
gradient mught mfluence that most flow paths and
associated discharge locations now are more concentrated
towards the coast, yelding shorter travel paths. Also, the




regional gradient does not result in any increase of the
equivalent initial flux at repository depth, it might be
explamed by the fact that the repository 15 shielded by the
combination of the successive dyvke zones and the F2 such
that the repository zone 15 protected against the mereased
gradient.

A4

Fig. 8. Flow Path and discharge distribution of case IIT

The DFM model is inherently uncertain due to its
stochastic nature. Thus, mmmng mmltple realizations of
the DFN and flow simmlafions 15 2 means to quantfy this
uncertamnty. If 2 sufficient number of realizations are un,
statishical distnbutions of the performance measures over
multiple realizations can be performed. In case IV, only 2
addifional realizations (with the same DFN input statisties
as BC) are rmun as an exemphfication of the potential
uncertainty related to stochastic DFN variabibty. The
fracture realization result of BC shows mn the left of Fig.
9. The reabization of BC contam more fachmwes
intersecting the deposihon tunnels than the others.
However, the discharge locations are essentially the same
for all realizations, 1t mdicated the topography and
geoclogical structures greatly mply a structural control on
the flow path geometries. This case shows the mfluence
of flow paths from different realizations, but the realishic
degree still needs to be quantified.

Camc [y

444

Fiz. 9. Flow Path and discharge dismribution of caze IV
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However, the limited of field data and in situ test, the
exising conceptuzl model 1z a hghly simplified
representation of reality The performance measures
calculated are also Likely optimustic. Mext stage, for the
geolomcal charactenzation survey of the potential sites
hosang paricular geological disposal facilibes, m-situ
surveys and data analyses, covering installahon of
borehole selsmometers and analysis of data obfained this
way, borehole in-situ stress measurement and amalysis,
large-scale pumpmg test and lgh density borehole
hydraulic test, are required to be undertaken. Swrveys with
higher acouracy requirements are to be performed to
obtain detailed data o enable the bulding of the deep
zeological concept model for use in performance/zafety
assessments and analyses.

4 CONCLUSION

In the first stage of SNFD Plan, “Investhzation and
Evaluation of the Potential Host Rock”, the main mission
iz to forus on the study of feasibility of geological
dizposal in Tarwan without any siting procedure mvolved.

In order to appropuiately develep the investization and
assessment  techmiques wused for deep pgeological
characterization, the results of all geclogical and
geophy=ical swrveys are penodically reviewed to make
swre that ouwr research work successfully meet the
requirements of each stage.

Discrete Fracture MNetwork and up-scaled Equivalent
Continnum Porous Medium proumdwater flow modelling
using code DareyTools have been performed for the K-
area. The study 15 beneficial for further development of
both performance and safety assessment.

The Simplified base case has been propagated to
additional vanant simmlations, such as bydrogeological
properties uncertainty, multple realizations and regional
gradient. The local scale flow paths are mamly controlled
by geological umts, such as host rock properties, dykes
and zeological structures. And the regiomal gradient
affects most flow paths and associated discharge locations.
The vanant cases demonstrate that the topography and
zeologieal structures greatly affect the flow path
Zeometmas.

Currently, the geological and hyvdrogeological concepiual
models are highly simphfied. It's necessary to acqure
detaled parameters for firther development of
performance and safety assessment.
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Construction of DFN-based hydrogeological model using reference case data
for SNF disposal in Taiwan

Tsai-Plng Lee w61 5486@taipower.com.tw)

ABSTRACT

Taiwan Power Company (TPC) has responsibility to well manage the spent At present, there is no candidate site has been proposed and no systematic detailed field investigation has been conducted in Taiwan. The

nuclear fuel generated from three nuciear power plants in Taiwan and to plan
domestic final disposal facilities according to the nuclear related Act in Taiwan.
We adopted the KBs-3 disposal concept developed by Swedish SXB at present to
develop our disposal technology capabilities. An offshore island mainly
composed of crystalline rock was chosen for research and development purpose

and regarded as a reference case in our Technical Feasibility Assessment Report
on Spent Nuclear Fuel Final Disposal. A simplified conceptual geological model
was established based on 6 boreholes (up to 500-meter depth) and surface
survey. The fracture analyses and statistical DFN description were conducted
based on the geophysical logging data and outcrop measurements to generate 3
DFN model. The equivalent continuous porous medium (ECPM) approach was
then implemented to simulate regional groundwater flow. These results could
provide the needed performance measures for the following radionudide

transport and safety assessment.

DFN RECIPE
— e

Trend / Plunge / %/ Pax

Cluster 1:198°/ 18%/ 18/ 26%
Cluster 2:155%/ 4%/ 15/ 24%
Cluster 3:264%/ 23% 16/ 18%
Cluster 4: 98% 81/ 11/ 32%

Stationary random (Poiszon) process

P=24
k=26

- expanent of fractal dimension
r=01m
e éréemem radus sabos
re=45m
T-=564m

T=90x10x (rf
: sadus (m) of o dek fracture

The model domain covers all the terrestrial part of K
area. The grid was generated from a decimated
topography surface of 3 100 m scale triangular
surface to the depth of -2,000 m. There is total
amount of 590,400 cells at a grid discretization of
120 x 120 x 41. The refinement was hierarchically
applied from surface to the depth of -500 m where is
the location of imaginary repository.

Cluster 1: 65%/ 17°/ 20/ 15%
Cluster 2: 344°/ 38%/ 18/ 24%
Cluster 3: 281°/ 29%/ 16/ 30%
Cluster 4: 174/ 22°/ 17/ 10%
Cluster 5: 175°/ 75%/ 19/ 21%

Trend / Plunge / x/ Pae

P=03

Taiwan Power Company, Taipei, R.0.C.(Taiwan)
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DFN MODEL CHARACTERIZATION

reference case is just a hypothetical platform for technical development. There is a data list we called Table-I! (Geological Conceptual Model
and Characteristic Data) which is mainly collected form the K area and based on the data compiling structure of a site descriptive model. The
needed parameters were illustrated by combining the fimited fracture and surface lineament survey data, well logging records from 6
research boreholes, and proper assumptions which are refer to the SKB's SR-site report (SKB, 2011). The K area is referring to the eastern part
of an offshore island located at western Taiwan strait. A preliminary geological conceptual model of K area has been developed.

Curndats P ersty Pt

The K area is mainly composed of granitic gneiss and intersected by several dolerite dikes
and fault zones. Following the conceptual model, the main fault (F1), Fracture zone (F2),
and 10 explicitly represented dikes are regarded as deterministic structures in this study.
Boreholes KMBHO1 to KMBHOS are mamly used for fracture characterization. The fracture
intensity data is referring to the optical televiewer records. The fracture intensities are
represented using the cumulative fracture intensity (CFl) graphs with depth. A maximum
Terzaghi weight of 7 (Terzaghi 1965) was used to correct the linear fracture intensity (P,,).

T=53x10%x (rj**

The apparent difference of fracture intensity (P,) with
depth illustrates that there is a boundary between regolith
and lower less weathered granitic rock. The thickness of 70
m to this boundary is estimated. Right figure illustrates the
equal-area and lower-hemisphere stereonets for fracture
pores, the fracture orientation analysis is calculated only
from KMBHO1 to KMBHO4 in accordance with the Table-il.

7 b () of sk fracture

MODEL SET-UP

A single realization which consists of total
21,017,366 fractures was generated. The upper
domain reveals higher fracture transmissivity of
about 107 to 10 m?/s. The fracture transmissivity of
lower domain ranges from 10 to 10 m?/s. These
fractures were used to provide the up-scaled
properties for the ECPM regional scale model. After
diipping fractures out of the specific DFN domain,
there are still 94,877 fractures remained for the
hybrid analysis, and 10,122 of the generated DFN
fractures are connected to the specific domain
boundary.

XX

These results reanalyzed from borehole raw data are
consistent with the Table-i1.

The analysis of fracture intersection and fractures
connection around repository are conducted to provide
an imaginary release point due to the failure of deposition
hole. A preliminary analysis for steady state groundwater
flow was performed consistent with the SNFD2017 report.
The fault (F1) and fracture zone (F2) are regarded as p4icje tracking calculations were tested originating from

main permeable conduits with assigned hydraulic ... o00c0d failure canister in the deposition hole using
conductivity of 5x10¢ m/s. The 10 dikes of 100 m 4 simplified model.

wide are believed to have lower hydraulic
3 CONCLUSION

conductivity of 1x10%* m/s than the surrounding

rock mass of 1x107° m/s. The Oda analysis (Oda,

1985) was performed to calculate the hydraulic The DFN related parameters for Taiwan's reference case

conductivity tensor components of each direction. ~ were reviewed and reanalyzed. A  DFN-based
hydrogeological model was constructed using Fracman
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The applications of discrete fracture network model for spent
ﬂ@ nuclear fuel final disposal program in Taiwan

S48 Rch Mechanica/
L S Vi A, smg-Hsiang Chin (2271130g@mipowsr com mw) Taipower
2% International Discrete Depa:mmerandeadmdMamgenmtmeanPwezCompany
Fracture Network Engineering No.242, Sec. 3, Roosevelt Rd Taipei, Taiwan, RO.C. ;'\ \!? 'i’ ﬁ o i:]
Conference, Seattle June 2018

ABSTRACT :

As the owner and operator of all muclear powar plans in Taiwar, Taiwan Bower Company (TPC) is responsible for the menagement of high level radioactive waste According to the R&D results of TPC, “Tha Technical
Feasibility Assessment Report on Spent Nuclear Fuel Final Disposal (SNFD2017 Report)” has been accomplished to make sure that the geological condition of Taiwan is suitable for geological disposal. The geological
conceptusl mode] developed in SNFD2017 Repont is based on the geological. geophysical and gmdmlm(x] surveys conducted on K ares, which is a granitic ofishore island The hydrogeological concepmal model i

constructed according the boreholes Iogging data and geophysical of K area derived from field data and in-sitm hydraulic tests are reorzanized as neaded by DFN recipes. In the
preliminary staze, TPC has been required to develop varions tndersround assessment medmnmmswlnd:mll be used under Eacrured crystalline rock environment. Basing on this SDM, a preliminary safety assessment and
safety case have been accomplished A1l the results have been integrated to “Taiwan reference case” in SNED2017 Report.
INTROCTUCTION METHODOLOGY RESULTS AND DISCUSSION
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