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Conceptual fracture domain model

Start of channel Drill site 6
east of nuclear

Key iSS ues it l
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(Andersson, 2020)
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The KBS-3 concept for disposal of spent nuclear fuel(SKB, 2011)

Cladding tube Spent nuclear fuel Bentonite clay Surface portion of final repository -1100 m
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Fractures are not allowed to intersect deposition holes in accordance with
the Extended Full Perimeter Intersection Criterion (EFPC). (Munier 2006)

500 m /

Fuel pellet of Copper canister with Crystalline Underground portion of
uranium dioxide ductile iron insert bedrock final repository




Challenge with scale interactions

Regional-scale
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Models for multiple scale problems.-

Figure 3-10. Iilustration of the concepts of model scales, embedding, and the transfer of data between
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conditions conditions
Top surface Pressures,
pressures densities
Site-scale
Initial Boundary
conditions conditions
Pressures, All surface
densities pressures
\ 4
Repository-scale
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Figure 3-6. lllustration of embedding between DFN and CPM sub-models. A finite-element CPM mesh is
shown on the left. The right hand surface is intersected by a single fracture plane. Extra equations are used
to link the DEN to the CPM.
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Figure 3-18. Schematic illustration of continuity of DZs across a CPM/DFN interface in a ConnectFlow
model. The DFN region is to the right with a CPM grid io the lefi.

(Joyce et al., 2010)



Flow & reactive transport modeling
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Objectives

* Develop a DFN &ECPM (Hybrid-domain) model for
simulating flow and advective transport in
fractUI'Ed I'OCK SyStems- First phase: Flow and ":

advective transport

5
\

- Evaluate potential releasing pathways for )
radionuclides to leave the camsters, i.e., Q1 to Q3 ' £¥
paths. 4

Test case
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Numerical model - the concept”

Two fractures with
one collinear line

Fractures: triangular elements
with arbitrary fracture aperture

V- [K)b(x)(Vh(x)]+Q(x) =0

Matrix: Tetrahedral elements 27— =S N
with physical flow (or transport) e il | faotee - ;
properties R R

Fractures and the 2D a : L gty il w7
3D meshes for the proposed 8 = e |
hybrid model.
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Numerical model - the conce

Ray-Plane test:
determine element faces &
Intersection points.

1. Point 3D velocities are calculated
based on the velocities at nodes
of the element face.
(interpolation)

2. Traveling path follows the
trajectory of the velocity vectors
at the point on the element face.




Model tests

Grid/Mesh Flow

Conceptual Models ;
: Generation

* The models
« DFN - FracMan
« ECPM->DarcyTools |
 Hybrid-domain HD (this study|,

o Workflow

Benchmark case II:

* Mesh generation Beclunackicams | The fractures

 Flow simulations (deposition hole) l

« Particle tracking Quantitative Pt
- Two test cases Particle Traces Tracking

* 3 intersected fractures TSR [— m— =

* Fractures & deposition hole ST

(DH) Length €«
Travel Time
Velocity




HD: 2D triangular and 3D tetrahedron
elements are 9,147 and 290,324, respectively |

ECPM model: 131,072 cells with32, 64,
and 64 in x-, y-, and z-directions

DEN: 12,624 elements

VIR S — S AN

Fractures: FAB file from
FracMan software
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Particle numbers (-)

Fracture transmissivity (m?4/s)

Matrix hydraulic conductivity (m/s)
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“ There is a subcase with 48 particles for Case II.
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Head(m)

Flow simulations

Hybrid

Domain
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Statistics

Parameters

HD HD

(fractures and matrix) (fractures only)

Trace
length

Mean (m)
STD (m)
CV
Min. (m)
Max. (m)

Travel
time

Mean (s)
STD (s)
CV
Min. (s)
Max. (s)

Velocity

Mean (m/s)
STD (m/s)
CvV
Min. (m/s)
Max. (m/s)

—%

(36x10°1  \\28x10° - 2940
A v ’?.":‘

S -




z(m)

16

(w)z
(w)z

location

A particle
released at the
highest velocity

(w)z

(w)z

Hybrid
Domain

Parameters ECPM model HD model
Mean (m) 10.69 9.07
STD (m) 3.16 2.74
Trace length _S\_/________9.%9_6________9.?;0_2__\
Min. () ______ 725 585__ 1
Max. (m) 15.70 15.10
Mean (s) 9.70x10° 4.25x10°
STD (s) 2.40x10° 1.05x10°
Travel time Ccv 0.247 0.247
Min. (s) 6.50x10° 2.69x10°
Max. (s) 1.55x10" 7.10x10°
Mean (m/s) 1.09x107° 2.18x10”
BID (m/s)  1.56x10000  1.10x10° |

Velocity
Min. (s)

8.31x1071°

B € VA ¥ c S 1 =10 B

1.15x107

Max. isi 1.37x10°° 4.33%10°



Implementation:

A case with practical scale and

complexity =y
'. .




Objectives |

Implementation of HD model for
practical scale & complexity

Conduct flow and advective
transport in fractured formation (FAB)

L Search three main pathways, Q1,
seepin\\g\] water Q2, & Q3

Consider layout, main tunnel(MT),

\ deposition tunnel(DT), deposition ,
. holes(DH), and excavation damage ’, ‘i
wairs zone(EDZ) STL(STereothhography), '!1*," 2

Evaluate transport propertles i ' 29

N =
-~ —

<. “J:‘;r- ‘\?r‘ﬂ.‘v '\%‘?;ig)‘?;::“g“ ‘:.‘*

p—=
([ J

T

s

Hole in
canister

(Neratnieks et al., 2010)



- (5206 . Sagnzoal

Xiang'An oy fetes ] Section07: DFN Recipe for R# (F# and D# are d to be deterministic structures and treated as porous media)

District [o2s &n FDMA FDMB.

3 District 0 @m { 6228 | [racture Domain Elevation (depth below surface, m) < 70 m. Elevation (depth below surface, m) > 70 m
Dadeng Island (Cluster 1 = (198, 18), Fish distribution (8, x = 18), P35 ,,,=26% (Cluster 1 = (65, 17) , Fish distribution (6, x = 20), P33 ,=15%
Cluster 2 = (155, 4), Fish distribution (8,x = 15), P3;,,=24% (Cluster 2 = (344, 38), Fish distribution (8, x = 18), P33 ,,=24%

Huli District Cluster 3 = (264, 23), Fish distribution (6, k = 16), Py ,¢=18%: Cluster 3 = (281, 29), Fish distribution (6, k =
riire dhictors Cluster 4 = (98, 81), Fish distribution (8,x = 11), P3;,,=32% (Cluster 4 (174, 22), Fish distribution (8, x
(Pole_Trend, Pole_Plunge) (Cluster 5 = (175, 75) , Fish distribution (6, x = 19), P35 ,,=21%.
m"sg;ma

Fisher distribution f(8, x) = H
6 = the angular displacement form the mean pole vector

K = a concentration parameter of Fisher distribution.

P

Fracture intensi Pig =24 [ Py =03
Ll \P3, =Area of fractures per unit volume of rock mass (volumetric intensity, m™*)
[Powerlaw : k. = 2.6,r, = 0.1 m, iju =4.5m,v, nax = § =564m ‘Powerlaw 1k, = 2.6,rp = 0.1 m, 1 = 4.5m, 10, = 564 m-

g ke
PR=1)=(2)", Pyy(rinins Tnax) = 22 ]sz(rn"”)

R is the fracture radius.

[Fracture size. o is the minimum radius value.

r isany fracture radius between 7, and co.

k,. is the exponent of fractal dimension, or the “fracture radius scaling exponent” (La Pointe, 2002, p381).

P (R = r) isthe probability that a circular-shape fracture with a radius greater than or equal to r.

P35 (Tynins Tmax) is the volumetric fracture intensity corrected with determined fracture radius between 7;,,;, and 7,5,
Fracture location. Stationary random (Poisson) process. [Stanonary random (Poisson) process.

T = a; X (r)® = a, x (L)® for FracMan /MAFIC; T = a3 X (L, /lOO)b for DarcyTools.

SC aI e ~20k m X 20 k m X 2 k m z’;‘?’r’:;l;:)'lfrarlslxlissivify ) mr? = %= (L,/lOO)’: a; = a; X (m)™%; a; = a, x (100)® = a; x ()~ x (100)"

r: radius (m) of a disk fracture; Z: equivalent size () of a square fracture, m; L;: physical length () of an intersecting fracture in orthogonal direction

a; =9.0x10%a, = 6.03x 10 % a3 = 1.51 x 10 /;b = 0.7 ; =53 x107*;a, =3.98 x 107 ;a5 = 3.98 x 107'%b = 0.5
Fracture Aperture (e, m). \Te = 0.5VT. = 0.5VT.

Source. [SNFD-SKBI-PL2015-1023; Vidstrand et al., 2010, p107- NFD-SKBI-PL2015-1023; Vidstrand et al,, 2010, p106.

DFN recipe: 70m above and below

(Yu et al., 2022, in preparatlon)

----‘--..._-'-- .....

Main rock formations  Faults
70m above and below




STL files for MT, DT,
DH, and EDZ

(a)

Read DFN FAB file
from FracMan

(b)
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Flow simulation

Specified head B.C. for steady

state flow \
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' Q2 fully intersected case

Path Type Intersection File name
Q1 Full 160 Q1Full.csv
Q1 Partial 34 Q1Part.csv
Q2 Full 2861 Q2Full.csv
Q2 Partial 0 Q2Part.csv
Q3 Full 109 Q3Full.csv
Q3 Partial 110 Q3Part.csv

Q1 partlally Intersected

Q3 fully
Intersected

case




Particle tracking
Travel time t,
AT N TN Q1-130812 X 10% (9

“ 6.746797 x 1012 224.01288, 567.0276, -500.0 Q2=1.30888 x 106 (s)
DI 6746917 x 102 223.14775, 567.361, -500.3 Q3=1.77045 x 10 (s)

“ 6.746797 x 1012 220.6712, 570.88324, -496.6415
. Darcy velocity U,

“ = o L Q1=6.746797 x 1012 (m/s)
=. Q2=6.746917 x 10712 (m/s)
Q3=6.746797 x 10712 (m/s)

Q,

Equivalent flux Q.

Q1=2.190107 x 10716 (m3/s)
Q2=1.025728 x 10711 (m3/s)
Q3=1.770446 x 10715 (m3/s)

Travel length L, Transport resistance F,
Q1=8323.562(m) Q1=6.2745881 x 101°
Q2=8316.176(m) Q2=6.2783641 x 101

Q3=7664.157(m) Q3=5.3679468 x 1016

20



HT(m): -20 -6 8 22 36 50 64 78 92 106 120

(b)

totalHead

[ 1.3e+02




Conclusion

* The study has developed the HD approach for the simulation of¥ %
advective transport in fractured rocks.

« HD model is flexible in considering the concepts of DFN, ECPM,
or both.

* Aregional-scale case with objects of a disposal facility was
employed to evaluate the developed model.

* Results show that the objects of a disposal facility and N ;¢
predefined DFN could be included in the HD model, and the ~“Z#"

/ IN’

intersections between disposal facility and fractures has been P
obtained successfully. ey NG m

-
/ W &



&

¢ Email: nichuenfa@geo.ncu.edu.tw
¢ Tel: +886-3-4227151 ext. 65874
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Canister |:
\
Deposition hole |:

\

Canister wall

The solute encounters a number of transport resistances (Fr) in series. For example in the
canister defect scenario for transport from the fuel to the seeping water a nuclide has to
diffuse from the fuel through a hole in the canister to the clay buffer, then from the exit of
the hole in the canister out into and through the buffer to reach the seeping water in the
fracture in the rock. As the nuclide approaches the fracture in the rock it will have to find
the narrow fracture. This can also be expressed as a resistance. All these resistances can

be expressed as inverse of the corresponding equivalent flowrates.

Q3 (Joyce et al., 2010)

hannel

Hole in
canister

Fractures with
seeping water

P S N

///Qeq1
il

(Neretnieks et al., 2010



volume of rock. Thas 15 a measure of the potential for retention and retardation of radionuclides
within the rock.

The subsenipt “r” indicates that the PM 1s calculated in the rock. That is, they only represent cumula-
tive PMs for those parts of paths within the rock and exclude parts of flow-paths that pass through
the EDZ or tunnel backfill. PMs are caleulated for legs of paths within the EDZ and tunnels, but are
computed as separate PMs for each path and distinguish by an “EDZ or " subscript, respectively.
In a DFN representation the PMs are defined as:

w W - o
1. Travel-ume, f, = z— where of 15 a step length along a path of fsteps, each between

Y

a pair of fracture intersections, e, 15 the fracture transport aperture, wyis the flow width between
the pair of intersections, and {Jy 15 the flow rate between the pair of intersections in the fracture.

2. Equvalent flux at the release point, U, desenbed in more detail below.
3. Equivalent flow rate at the release pomnt, (), deseribed m more detail below,
4. Pathlength, I, =Z&.
2w, rii’ ) )
5. . where iy15 the travel ime n a
1raLtun_ along th paih ’y

The results from the particle tracking are used to produce ensemble statistics for the performance
measures, as well as locating the discharge areas. The ensemble 15 over the set of 8,031 particle start
locations, one for each deposition hole and 15 in total divided over three blocks; block 1 with 2,158
start locations, block 2 with 3,576 start locations and block 3 wath the remaiming 2,297 start loca-
tions (Figure 3-13). Apart from the work done on the repository layout, no further attempt 15 made
to avord starting particles in either determimistie fracture zones or high transmissivity stochastic
fractures. In reality, such features are hkely to be avoided duning repository construction, and hence
the model may tend to see particles start in a wider range of possible fracture transmissivities than
might be encountered n reality.

To avoud particles becoming stuck in regions of stagnant flow, they are not started 1if the imital
flow rate per unit width is less than 1-107° m*y for Q1 and 2 and the imtial Darcy flux is less
than 1-10°* m'y for (3. For Q1 and 2, flow rate per unit width, g, in a fracture is defined as

=g V= 9
ql‘ i _UI':

where:

(3-6)

* &y 15 the transport aperture of the fracture [m].

= vis the velocity [m'y).

*  (Jris the volumetric flow rate in the fracture [m/y].
* ay1s the area of the fracture plane [m°].

For ()3, the Darcy flux, g, 15 defined as the volumetne flow rate per unit area.

Table 2-2. Summary of reported performance measures.

Performance Description

measure

t, Travel time in the rock [y].

U, Initial Darcy flux in the rock [m/y].

L, Path length in the rock [m].

F, Flow-related transport resistance in the rock [y/m].

t, Travel time in the tunnels [y].
Initial Darcy flux in the tunnels [m/y]. ? G’
Path length in the tunnels [m].

tenz Travel time in the EDZ [y].

Ugpz Initial Darcy flux in the EDZ [m/y].

I—EDZ

>
Length in the EDZ [m]. 2 Sl
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