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Hydrological issues G

O Hydrological issues associated with nuclear waste repositories

O Natural barrier systems include the repository host rock and surrounding subsurface environment,
Host rocks O Three popular host rock types include: fractured crystalline rock, unsaturated tuff, and clay-rich formations.!

| Fracture crystalline rock | Unsaturated tuff | Clay-rich formations

* In 1983, assessment of crystaline formations.  +  Unsaturated zenes has been proposad. +  Clay formations are considered in Europe.

+  Beyond fracture flow, rock matrix was + Limited availabiity of water thatcouldcomein =« Very low hydraulic conductivity and potenial
recognize as porous. contact with the waste. for self-sealing.

+  Solutes in fractures may be delayed by +  Site characterization and modeling = 1o +  Clay minerals provide good sorplion capacity

diffusion into porous rock matrix understand how water moves. for the retandation of radienuclide ransport.

St induend defrmaton
N fidd

harges 4= . ising
o sty o
.
d uction

g
Important phenomensa in fractured rock. From KBS-3 [1983] Schermatic of hydrological issues at Yuca Mountain. Hydrological issues in clay arising from coupled THW process
1. Tsang, C.F, Neretnieks, |, & Tsang, . £015). Hydrologic issues associated with nuclear iaste repastories. Water Resources Reseaich, 519), 69256972

Hydrological issues G

O Hydrological issues n fractured crystalline rock formations

O Flowand solute transportin fractured rock are essential assessment parameters,
rock O Fleld observations, experimental studies and numerical simulations have been implemented to predict hydrologic issues.

+  Rock and fracture zones information obtained  +  Hydraulic conductivity (k) data is essentialfor  «  Discrete fracture networks (DNF) modsls

using a large number of boreholes (2 1 km), flow and fransport modeling. have gained populariy to simulate rock mass.
+  Majorfracture zones are called hydraulic +  |n packer tesis, secfions of the borehole are +  Stochastic DFN networks, built from fracture
conductor domains (HCD). isolated and subjected to a hydraulic head. intensity, transmissivity, and orientation data.
+ The less fractured rock betweenis calledthe  +  Flow rate into rock reveals HCD and HRD +  Fracture size distribution are derived from
hydraulic rock domain (HRD). informeation, both of which decline with depth. fracture trace maps on outcrops.
Number of intersections in range -650 mas! to 400 mas| (per 250m)
Hydrogeological description E® e ——
Hydraule: Soil Domain (H‘a_]_ % Al :Z:::s:mur Wresbuatrs))
Hydraulic Conductor ':. i )‘ mm‘m.{”q‘”} N é ¢
Domaing (HCD) )i g % 44 = |
Bl liu

R O R I I

ol vty ) /,‘ \ 2 &.u' ;J‘\ s° g«‘n g8 e Kt ”u“
log(Qis) [ms]
Prncipal features in the hydrological model (Rhen ef al. 2003) Hydraulic conductivity (K] forteat scale 100 m Histogram of inflows to individual fractures per magniude of drawdown

1. Tsang, C.F, Neretnieks, |, & Tsang, Y. £015). Hyerologic issues associated with nuclear waste repostaries. Water Resources Research, 5189), 69236972,
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Hydrological issues G

O Hydrological issuesin unsaturated tuff formations

Unsaturated O The main attribute of the unsaturated zone is the limited availability of water that could come in contact with waste,
tuff O Characterization emphasizes understanding of how water moves, particularly above waste-smplacement.

+  Amain concem, little or no water enter to cormode the canisters. Cimate
+  Emphasis, whether the natural bamier protects the emplacad waste. | Abttvati 1 — _—
Il ' *x.l,als’ i  Buvon T'ﬂ‘&kii'\:liul\
» Water movementis controlled by: S e e
a) Climate precipitation g7 E"'v?rfn’!ﬁ'\m B
b) Netinfilration | & @cg J |
©) Percoiaton Wi R R N

g S e
»  Because aridity is crucial to the isolation, these repositories seem R, g
inherently vulnerable to climate change and water table rise. LAV

+  Another aspact, seapage of water into the waste-emplacement.

Wiell

SZ Fiow & Trangport | || AlAum 5,8
In Volcanics, Faults,
and Alluvium

+  Therefore, the coupled thermal, hydrological, chemical, and
mechanical processes must be assessed.

Schematic of hydrolagic isses at Yuca mourtain

1. Tsang, C.F, Neretnieks, |, & Tsang, . £015). Hydrologic issues associated with nuclear iaste repastonies. Water Resources Reseaich, 519), 69256972

Hydrological issues G

O Hydrologicalissues n clay-rich formations

Clay-rich O Clay formations are considered in 2 number of European countries,
formations O Benefits include low hydraulic conductivity and potential self-sealing, and good sorption capacity.

+  Rock movement from excavation induces +  Fracture may close and seal due to clay +  Several field experiments have assessed
volumetric deformation of the pore space. deformation and moisture-induced swelling. aspects of THM behavior of clay in URL.
+  This, coupled with the low reck hydraulic s This process resulfs in a decrease in EDZ +  The HE-E experiment at Mont Tem URL
conductivity rises pore pressure variations. permeability. included a heater in Opalinus clay.
+ Thesainfluence on the effective stress and +  Lab experiments on Opalinus clay showed +  Heatars wena surmounded by bertonite buffer,
may contribute to failure processes. fracture closure through gradual hydraulic to understand thermally induced processes.
conductivity reduction.
TR,
§.= g A =y \
?"’ Tl Lﬂ
1 = .
Pore pressiire evolution inthree packed intervals from Mont Teri Evolution of hydraulic conductiity with time in fractured clay Bxpenment layout forthe behavior of clay and bentonite buffer

1. Tsang, C.F, Neretnieks, |, & Tsang, Y. £015). Hyerologic issues associated with nuclear waste repostaries. Water Resources Research, 5189), 69236972,
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* Other issues in crystalline rock

%% Natlonal KOREA MARITIME & OCEAN UNIVERSITY
@ ROCK MECHANICS LABORATORY

More on crystalline rock formations

O Crystalline rock formations are plausible host rock formations in South Korea

Additional O Crystalline rocks have very low matrix permeability (Ground water does not flow efficiently through the solid rock).
issues O Instead, ground water is almost entirely confined to fractures, joints, and faults,

| Fractura channeling

+  Within fractured medium, flow does not distribute
uniformly, but tends to be localized, forming “channels”.

| What causes channeling?

+  Spafial variability in fracture aperture.
+  Connectivity differences.

+  Mineral precipitation or clogging.

+  Stress and deformation.

| Why is this an issue for Nuclear waste repositories?
* Predictability

+  Potential for fast fransport

+  Modeling limitations ] ‘. .
«  Field-scale variability Schematic of flowchanneling [Moreno et al 1990] - — et

(top) permeabilifyvariation, (bottom) flow rates Grantte sample, apertur and velocity streamiines wih contect ratio 2

1. Taang CF, & Neretnieks, . (1998). Flow channeling in heterogeneous fractured rocks. Reviews of geopfysics J62), 275-258,
2 L, e H, L G, H L Lua, Y, L B &Wang, 2. (2024). Effect of eomplex waid structures on flaw channefing and heterogenedus heat transfer in fracturedt mcks. Joumal of Hycrdlagy, 639, 131654
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More on crystalline rock formations
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Moreon
crystalline
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| Empirical obsarvations

« Field experiments at crystalline rock sites show clear evidence of
channeling in tracer tests and pressure response, !

«  Flow is dominated by a few high-conductive channels.

« Tracer breakthroughs exhibit early arrivals and long tails, classic
indicators of channelization and heterogeneous flow.

50 Kot =gl ; 1 |g 10 Vo 080
: Elnpaed e r]

Generalized model of conductve structure. Typical Injection and! breakthroughcurves for fracers.

© Empirical observations of channeling and implications

O Crystalline rocks have very low matrix permeability (Ground water does not flow efficiently through the solid rock),
O Instead, ground water is almost entirely confined to fractures, joints, and faults.

| Implications for repository design and safety

» Stting: Needed detailed fracture characterization and selection of
areas with minimal connected channels.

+ Barier design: Must account the risk of flow paths undermining
engineered barriers.

+  Monitoring: Need to capture flow at fine spatial resolution.
+  Uncertainty quantification: High due to structural complexity.

Example of nuclearwaste repository and furnel in fractured crystalling rock in Finkand

1. Andersson, P, et al. (2004). In stu tracer tests to determine retention properties of a block scale fracture network in granitic rock at the Aspd Hard Rock Laboratory, Sweden. Joumal of Contaminant Hyorology, 7034, £71-297

More on crystalline rock formations

el BT
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Additional
issues

| Redionuclide transport processes in fractured rocks

+  First, radionuclides diffuse through the engineened barrier and enter
the ground water.

+  Then, dissolved radionuclides emigrate through interconnected
networks of fractures (advaction).

+  The retention of radionuclides Is important for evaluation.

»  Matrix diffuslon into rock and sorption onto minerals are key
processes that limit radionuclide migration from the repository.

o

-
Stagnant
waler Zene

Fraciure
filling

Sorplion

'y'

3 g e
Iatrix Ciffusian

Schematic of processes of solute fransport

O Channelized fracture flow and implications for radionuclide transport

O Channelized fracture flow and matrix diffusion dictate radionuclide migration rates.
O Pathways may bypass buffer materials, reaching the biosphere faster than predicted by uniform flow models.

| Implications for radionuclide transport

In channelized fractures, flow is
concentrated in a small fraction of
the total fracture area.

ke
a sty mpe” e Al

* This means that there is a fastar

radionuclide transportation time
with minimal interaction with the
sumounding matrix.
¢ %T“WN
+  Also, the area available for N

sorption, diffusion, and matrix
refention is drastically reduced.

Schematic of sparse channel network f Siripa 2

1. Zhang, X, Ma, F, Dal, Z, Wang, ), Chen, L, Ling, H, & Soltanian, W, R. (2022). Radionuclide transport in multi-scale fractured rocks: a review. Joumal of hazardbus materials, 424127550), 10-1016.
2. Black, ). H, Woodman, N. D, & Barker, ). A, (2017). Grounchwater flow irko underground openings in fractured crystalline rocks: an interpretation based on long channels. Hyatogeotogy Joumal 252), 445-463
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+  Mixing and compaction

© Gyeongju bentonite sample preparation and testing

Sample preparation and testing

02
Commonly used
buffer and backfill

materials

o

02T

h
KDREA MARITIME & OCEAN LNIVERSITY

(gfom’)

UCS testing equipment, P-wave velocty measurement, and 4D ¥-ray CT equipment at KMOU

Water
content

10(%)

(2) Dy Gyeongju bentonite powder, {b] mixing according to we

+  Samples with different dry density and weter content
Dry density 1

o
tarcontent

and (g fi

20(%) 30(%) 10(%)  20(%)
Typical Gyeongju bentonte samples used in thiastudy
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O ucs, X-ray CT, and physio-mechanical properties

+  Correlations between dry density and
P-wave.

+  Dry density (design factor).

P -wave " Table: UCS and Wave velocity results.
measrema Waker +  Similar to UCS, P - wave alsoincrea
No| Sampleld | cont | Wetden | NCS | Puawe sed with dry density values
wy | @) | 0P | el Iy :
1T [ 40e%)1] 10 1480 [ 0434 [ 706
2 [ 14(tw-2 | 10 1479 [ 0675 | 636 2000
3 [ 14ewe1 ] 2 1661 [ 0956 | 939 ' '
4 [tdpee-2 [ 2 1648 [ 0939 [ 997 n 3109.4 m*em?fg’s
5 | 14@30%)-1 ] 30 1798 [ 0766 [ 1586 £ 1500| s |
6 | 14@30%)-2 | 0 1810 [ 0853 [ 1555 N J LY
7 16(10%)1 [ 10 1692 [ 2738 [ 1030 £ p e
8 | 16(1tw2| 10 1708 [ 3156 [ 1022 S 1000+ Jow il
9 [is@mei| 1880 [ 2833 [ 1578 0 o
10 [ 16@%-2] 20 1888 | 2733 [ 1568 ¢ J x” 1569.3 mem’lg’s
11801 ] 10 1887 [ 5804 [ 127 T 500" il
12 (82| 10 1904 [ 7445 [ 1307 L%L'

0 1 1
125 150 175  2.00
Dry density (g/cm®)

1. Kim, J.8., Yoon, 5, Cho, W.J,, Chai, ¥.C. and Kim, G, 2015. A Sty onthe Manutacturing Characteristics and Field Applicabilty of Engineering-scale Bentonite Bufer Block ina High-leel Muclear Waste Repostor . Jeurnal of Nuclear Fugl Cycle ard Wiaste Technolagy ¢/ NF CIFT) 164, pp.123-136

Bentonite sample preparation and testing (at KMOU)

O ucs, X-ray CT, and physio-mechanical properties

1.4 glom® (10%) 1.4 glom?® (20%) 1.4 glom3 (30%) + Correlations batween dry density and
a) 10 - , . b) 10 — €) 1.0 e UCS.

=
=)
L
o
=
=

+ Dry density (design factor).

=
@
L
=)
=
=

=
=
i

=

Stress (MPa)
o
= <

Stress (MPa)
Stress (MPa)

The results showed increasing UCS
with increasing dry density.

=
[
L
)
=
e

. 00 N R R 00
00 02 04 06 00 02 04 06 08 10 01 2 31 4 5 8
Auxial displacement (mmj Axial displacemant (mm) Axial displacement (mm) 10

B Water content (10%)
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/

v

F15.20 MPafem’g 1
/I
4 r /, . 1
s
S
2r e 18 MPatemy |

. {/

0 1 1
125 150 175 200

‘ ; 3
Fracture behavior of bertonte samples under uniaxial compression, stress vs axal displacement for samples of equal dry Dry density (g/cm’)
denzity and diferent weter content, (a) 1.4 glom3 [10%), (b] 1.4 glem3 (20%), and c] 1.4 gem3 [30%).

1. Kim, J.5., Yoon, 5, Cho, W.J., Chai, ¥.C. and Kim, G, 2015, A Sty onthe Manutacturing Characteristics and Field Applicatilty of Engineering-scale Bertorite Bufer Block ina High-level Muclear Viaste Repository. Jaurnalof Nuclear Fugd Cycle and Wiaste Technolagy ¢ NF CIFT), 160, pp.123-136.
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UCS (MPa)




0 Physio-mechanical properties form CT images

3D view of half the region of analysis

+  Each voxal (3D pixel) represents a
value from 0 to 255.

+  Low density regions appear darker
while denser regions are whiter.

1.4 glem®(20%)

Analyzed volume:
Diameter 26 mm; Height: 45 mm

3D view of half the sample prepared with
adry density of 1.4 glom?(20%)

+  This correlation is a handy non-destructive manner o obtair

physical anc mechanical properfies using images only.

Application

+ CTvalues showed & good correlation with dry density.

+ The correlations can be used to estimate local dry dens
ity directly from CT images.

a) 55 : . ‘
@ Water cantent {10%)
& Vater content (20%)
o5
:;u y=145x (dry densny) 0
d 2160
G5k
c I
3 Y .
40+ o
=224 % {dy denswty)
+7.67
35 1 1 1 1 1L Il 1L
12 14 16 18 20
Dry density {glem’)

CT dry density
(/om?)

a) Mean CT value agamst dry density. b) Dry density based on CT values.
The sample has 1.4 glem® (10%).

Bentonite sample preparation and testing (at KMOU)
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O Heterogeneity analysis

+ The sample characteristics and preparation .
procass influence the final state.

The Madogram function quantifies the mean size of particles and the haterogeneity (M,..)

+ Thelargerthe M, value, the higher the heterogenaty.

+  Particles of higher density (different

‘Nater content: 20%
35
30 ﬁﬁz
25
20
15
10 15 (105 = 2500
s — 1 (20%) iy = 30.06
—wmw)m 230

Watar content: 1

Ory density: 16 giem’  Dry density: 1.6 g/om’  Dry density: 18 glom?

propartion) were often found. +  Results for bentonite sample show how M, ., (heterogeneity) increasas with water content.
Dry density: 14 glom?
Watercorﬂenl 10% Pt .._... T
1 ] i
s
Dry density 14 glom? 10 Water cartet: |
Water content: 20 %
| oA o
[
st [/ B —
5\;- [ / A \
o / f E— 4
02 _r"’/ o5
// —— D50
0 | —— D10
0 100 150 00

¥eray CTimages of bentonite samples

Digtanea betwaen wo poins, L [pixel

Results of Madogram function using square models.

1. Ha,§.J, Jeang, Y. ., n, T. 5. 20200 Parameterization of the represertative sizes of microstructural features in rocks using 30 X-+aycomputed tomagraphic images. Computers & Geosciences, 144, 104590

0
0 101] 200 EDD 4(JD
Distanee between two points, L (pixels)

Results efter applying the Madogram function to X-ray CT mages
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Hydraulic behavior of
buffer and backfill

* Single-component material
* Two-component material
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Single-component material upon hydration (at KMQU)

O X-ray evaluation of single-component bentonite material under hydration

" Bentonits under hydration | " Laboratory experiment |
+ Bentonite properties change under hydration. + We wanted to follow the hydration process more closely.
+ The swelling process exerts a swelling pressure, recorded at the op. +  Ahydration experiment with x-ray friendly materials was carried out.
+  Qtherlocal changes occur, but are often not captured, + The sample was scanned before and several times after hydration
: ‘ started.
oA £
Dry == Under hydration ==

Outlet =

Water flow

Inlet -

I Bentonite cellwih sample under hydration CT monitoning during frydration

10 L, ZR, Ve, WM, Cui, v, Zhu, HH anet Wang, 0, 2022 Water irfbation and sieling pressuie development in GHZ hertonte pellet mixtures it i I facts. Enigineering Gealogy, p10671%.




Laboratory experiment

+  Dueto the cell shape, small indentations existed at the top and bottom,
+  Fragments of the sample detached from the top bafore hydraticn onset

Indentations
Indentations

\

Benlonile
sample

Cylindrical cell wall

Close up of the call body, cap and schematic of the Indentations

O X-ray evaluation of single-component bentonite material under hydration

+  CT stan before hydration showed detachment of a portion at the top.

+ The region used for bulk density analysis was in the middls, excluding
the fop and bottom,

Detached fragment

Analyzed region

Yertical X-ray CT section hefora fiydration

Single-component material upon hydration (at KMQU)

Vertical X+ay CT sections

+  Under hydration, swelling mobilized bentonite

s

Vertical cross sechions

Yerical CT cross sections of bentonite sample ot different times. The onginal CT range (1o 255 was reduced to ighlight differences

O X-ray evaluation of single-component bentonite material under hydration

time I

material to cover indantations (day 1).
Initial state 24h.(1day) 48h.(2 days) 72h. (3 days)

+  Swelling also increased density in the middle

region. Detechment
+ Overime, densiy iferences reduced.
+ The section closer to injection presentad g 5

lcwer density.

96 h. (4 days) 120h. (3 days) 144h. (B days) 168 h. (7 days) ®

Semi-uniform zone

Low density
near inection
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O X-ray evaluation of single-component bentonite material under hydration

Qs en |

+ The previous slide showed how the verlical sections dapicied the changes in bulk density.

+ However, the volumetric analysis alse showed how CT values increased (especially after 1 day), afterwards the differences decreased.

+  Others have also reported dry density decreased near inlet and increased near outlet, and then differences diminished over ime,

+  Otherstudies
33 ==
el sl \ o 12h 1 Dnereasig lime
—— 28 hrs (1 day). s oo
500 | —— 45 1rs (2 ays). WE o 4h 0

N = T2hrs {3 daya). E & 48K

o |9t deye) L ”h
£ £ 4o0 b — 120 brs (5 doye) ENF ——
=i EWJ —mms(euaysj E ——06h
9 o | 168hs (7 daysi | —a—120h
ki £ 310 21 20
N 8 151 —o-360h
T 7 E | —e—d80h
c L 200 =
L e Elﬂ- —o=T0h

10 ol A
o & aw?B d* 0| Titial dry density
" L gl rernsingcime T
] 40 50 0] 13§ 140 142 144 146 148 150 152
Mean value per CT slice Dry density (Mgﬂm’]
Mean CT valde per CT slice along the sample height for differsnt testingtimes Dry density profiles af different times, efter [1].
10 L, 2R, Ve, WM, Cui v, Zhu, HH andd Wang, 0, 2022 Water irftration and sweling pressie developmert in GAE hertone pellet mistures with consiceration of temy Hects. Engineering Genlogy, p10671%.

GHELELED

KOREA MARITIME & OCEAN UNIVERSITY

03

Hydraulic behavior of
buffer and backfill

* Single-component material
* Two-component material

Natlonal KOREA MARITIME & OCEAN UNIVERSITY
ROCK MECHANICS LABORATORY




HE MZAIL0A ML EL SSHUHO| do2E 29

0 Physio-mechanical properties & X-ray Characterization

+  In canister is surrounded with buffer material while the access tunnel is filled with backfil material.

+ As these two materials mest within the access gallery, it is important to understand their inferaction.

+ Then, we analyzed the behavior of buffer-backdfil materials under hydration

Cladding tube Spent nuclear fuel  Bentonite clay Surface portion of final repository

Backfill

g Interface

Buffer

Copper canister

with cast iron insert

Underground portion of
final repository

© Physio-mechanical properties & X-ray Characterization

+  Four buffer-bacifill samples were prepared, namedAte D. G Gl Ll
Case A Block {1 4gicm®)  Block (1.7g/or?)
+  The buffer section was the same for all tests (1.7 g/om®), while CaseB  SilicaBentonite(7:3) Block (1.7g/om?)
the backdil was different. CassC  Benfonite granule  Block {1.7g/om?)
Case D Bentonite powder  Block {1.7g/om?)

+  Hydration started from the backil section, and were canied
out simuttanecusly. Case A Case B Case C Case D

L R r

Buffer
80 mm

Imeclonl

20 mm Photographs of the four cases.

Backdill
20 mm
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Two-component material upon hydration (at KMOU) Gizznen

O X-ray CT characterization before hydration

Prior to hydration

+ The CT profiles were estimated over circular cross secfions of the sample along its height.

CT profiles

+ The profiles revealed non uniform sample density especially in the block section (upper), resulting from the manufacturing process.

Tutlet

TestA TestB TestC TestD
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Two-component material upon hydration (at KMOU) CHILL

© Comparison of swelling pressure of buffer-backfill samples

Swelling pressure

+  Comparison of swelling pressure behaviors of four buffer-backiill samples.
+  The swelling rate was affected by the pores and initial density of the sample.

+  Highest swelling rate was observad in the sample with backdill materials of high porosity that enabled faster hydration of the buffer section (case C).

1750 it
Slowest sweling rate i T LT
t';h {case A bentontte block)
I 1750 Tatesn
~ —Casc A
1500 — Caees
3‘_,1250 —Cae EE
5 g = CaeD K 0 100 1 o [Tl
g @ 1000 Tire (days) Time idays)
0 g
1750 ey L
& 750 - — GG oy o — s
@ 1500 1500
= 500 1200 S0
T ¢ ¢
7 1000 7 1000
og) 250 ! 102 iPway §1 sy
0 . ; 750
= 1 10 100 % 500
E 20
% Time (days) " e
@ 00 1 0 100
Titma {days) Titnes {days)

Fastest swelling rate
Swelling pressure of samples over fime [oase C; bentonitel siica sand) Swalling rates per sample during primary sweling




© Changesin backfill-buffer interface though X-ray CT imaging

«  The backfil-buffer interface behavior was assessed through X-ray CT vertical images and mean CT values along the height.
+  Less compacted backfill materials allowed for faster flow of water and promoted earlier hydration of the sample.

+  Buffer sections thet hydrated faster also swelled earlier, and expanded causing the compaction of the backfill saction.

+  For example, backfll compacted but silica sand partlcles remalnad unchanged and porosity in crushed pelleis dlsappeared

Dy Dey Dy Dy
Dry Saturated
Hight 5 :
igher :
density | g g
. & m
: +High swaling
pressure
| i - Interface
Lower displacement
density Low swelling — =
pressure % % “Crushed
3 ]
3 R pellets

Yertical X-ray CT sections of the buffer-bacldil interface over time for each sample 20 mm

Two-component material upon hydration (at KMOU)

O Changesin backfill-buffer interface though X-ray CT imaging
_

+  When the backiil part had large pores and low density, the degree of swelling was Iower, and the interface change was larger. seafon
+ InCaseA, which has a large density and small pores, the interface is relatively unchanged. :
+  Large compaction was observed in case B, with a backdill composed of bantonite powder.

+  However the fastest intarface displacement (compaction) occurred for case C, benonite pellets.

Case A Case B Case C Case D

Day 0 Day 67 Day 0 Day 67 Day 0 Day 67 Day 0 Day 67

Interface
displacement

Interface displacement (mm}

—
-8 —Case A Dy =-28mm —— Case G DW -44mm
—CaseBD. 71mm —CaseDD Samm

0 10 20 30 40 50 60 70 80 80
Time (day)

Vertical Xeray CT sections of the buffer-backfil interface over time for each sample Interface displacement idowrnward movement) for all cases.
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*  Inthe early stage of hydration, swelling ocours rapidly, which leads to
change in particle shape and heterogeneity reduction.

+ Heterogeneity was quantified using the Full Width at Half Maximum

(FWHM) parameter.
CaseB Case C

Backfil Bufer Batkill Buffer

g
g ]
o

Jal Tz Aeg

€5 Az

ZOT Aeq

X-ray CT images of cases Band C of differert times

O Analysis of heterogeneity changes in the backfil

Cases B and C presented changes during the first days (red) of hydration
because pores reduced.

Conversely, cases A and D showed small changes compared to other
cases.

b CaseB |
E
3
Ly
4
B i
o
“
"
TR —
Tnidoe
5
CaseD -
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i
g
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Jug
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u
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Reaults of FWHW behavior of backfill material overfime for each sample.

Natlonal KOREA MARITIME & OCEAN UNIVERSITY
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Thermal effects on
buffer and backfill




Thermal issues L ipanenei

O Thermalissues associated with nuclear waste repositories

O Thermal factors alter the temperature distribution within the buffer zone, leading to material property changes.
effects O Thesechanges can affact the buffer's swelling behavior, hydraulic conductivity, and long-term stability.

| Density Heterogeneity | Hydraulic Conductivity | Mechanical Instability

*  Hegting nearthe canister causesvaporizationand |+ Atelevated temperatures (>100°C), pore »  Long-term exposure akove 100-150"C can drive
outward migration of moisture, followed by dehydration and vapor flow dominate, altering the mineralogical transformation (e.g., smectite to
condensation, internal structure of bentenite, illite) and interlayer collapse,

*  This process creates a sharp dry-wet transition, .
inducing heterogeneous density and suction +  These thermal effects cause nonlinear increases in ::Emmﬁm::ﬁfmﬂegg{emm
gradients. permebility, beyond what viscosity alone explains. )

*  Resulting stress concentration zones can +  Asaresult, the mechanical seff-sealing function
compromise barrier integrity and triggerbocalized =~ Structural softening and micro-fracturing lead to deteriorates, weakening long-term structural
cracking. retong oo reduced sesling efficiency under high thermal load. perfonnanoe.

ST " . & 2 g
ldltﬁ::er content Ak%ﬁ?%% ﬁg‘é Fae 4 E 15 fﬂ;
) § é w ,":
i K §om - T: :‘g
b ‘U, i i 5 J:&ﬁﬁ
S 7 - ! =
{b)Hizh 3 B
waler content 2 - ] :i "
B lun:nmwdim rﬁr;m ” : F::pa;n ime nnwlu: "
Schematic representation of moisture flow inside bentanite, perature gradient at varioys distance, Swelling pressure experiment according to initial conditions,

1. Unama, M, Sato, H, &lioka, T.(2021). Hesting ipact on corosion mechanis of carbon steel sumounde o by bentonite. Mechanical Engineering Jouml, 8(4), 2000452
2. Ttipathy, 5, Thoras, H. R., & Stratos, P. [2017). Response of compacted hertonites ta therrml and thettno-fydraulic loadings 2t high terperstures. Genedences, 73], 55
3. Mifin, Y. F.,& Schanz, T [2007]. Modlfied isochoric cellfor tempershire cortrolled sueling pressure tests. In Experiaventa! nsaturated sof mechanics (n. 2292411 Beriin, Heidelben: Springer Beriin Heidelberd,

Two-component material upon hydration (at KMOU) Qi ;)

© Drying-Hydration Experiment for Thermal Behavior Analysis
«  X-ray CT was used to analyze drying-nduced shrinkage cracks and thelr changes during hydration.
+ The upper ragion (canister zone) was dried at higher temperature to simulate thermal effacts.

+ The specimen consisted of 6 bentonite blocks (1-3; backfill, 4-6: buffer), with hydration progressing from bottom to top.

Indirect
swelling

1t
Direct $4§

swelling

Sample Section
Hydration
7

Underground water

Schematic image of Drying-Hycration experiment Specimen photograph and cross-sectional X-ray CT image
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Two-component material upon hydration (at KMOU)

O Analysis of crack patternin buffer section under hydration
«  Caleulation of void ratio due fo cracks in the buffer zone using X-ray CT equipment.
+  Crack closure phenomenon occurs due to swelling of the sample after hydration of the backfill zons.

+  [naddition to actual swelling of the block, crack closure phenomenon also occurs due to swelling of other blocks.

Day 0 Day 3 Day 11 Day 20 Day 0 Day 3 Day 11 Day 20

1 14 [ T T T T T ]
‘ beig

=10F
! S -

go.e

8061 -

Co4f 1
! 00

0 5 10 15 20
Hydration time [day]

Hydration pattem of the sample overtime. Jeray CT vertical cross-sectional pattem overtime. Parusity profile of the buffer zone over fime

Two-component material upon hydration (at KMOU)

O Heterogeneity analysis of buffer section over time using FWHM
+ The difference in inhomogeneity due to the initial crack is observed through the FWHM.
+  Due to the hydration of the backfill zone, the densily distribution of the buffer zene temporarily becomes homogeneaus due to the swalling of the backil.

+ Afterwards, the inhomogeneity tends to increase as the difference in intemal density ocours due to hydration and swelling.

Lo}
@
c T T
(<]
N - -0- Zone 4 -
-- Zone b £
- Zone 6 f’ S
" E Compa_otion by_ /J’;ﬁ’
® T - sweling in backdil { :
5 214 P
N i 4 Diredt
___________ g swelling _
+
) | . 1 . | f |
8 5 10 15 20
Hydration time [day]
Day 0 Day 3 Day 1 Day 20 Heterogeneity pattem by location aver fime.

H-ray cross sechions by location over time
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Future directions
and research needs
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Future directions and research needs

O Advanced coupled THMC experiments '

THMC O The objective is to investigate the coupled THMC behavior.
experiments O Focus: Geochemical reactions from the interaction of groundwater (near-fleld host rock) and buffer and backfill,

| Characteristics under gaochemical conditions | Assessment of bentonite mixtures under THMC?
«  When pore water heated by radioaclive decay interacts with *  Increasing themal conductivity of bentonite is necessary to reduce
bentonite, chemical reactions occur. the disposal site area.
* Alterations: lllitization of smectite, expandable clay, and cementation. +  Some studies propose using mixtures of Ca-type bentonite and 3%
» These reduce the swelling pressure, permeability; thermal graphie.
conduciivity, adsorption capacity, efc. *  Results show that the added graphite increases bentonite thermal
»  Cumently, experiments are being conducted to evaluate bentonite condueiviy of bufler materil.

alteration under varying KC| concentrations and temperatures.

oL : w
03 =16 gl @ K

Expeniment for THMC charactenzation of buffer material Preparation process of bentonie-graphite and thermal conductivly vs water content

1. Kim L5, et al. (2025). Acvancements in Long-term Safety Evaluation Technology for Engineered Barrer System (EBS): A Comprehensive Review of Korea's High-Level Waste Disposal R&D Program. Korean Joumal of Chemical Engineering, 1-16.
2. Yoon, 5, et al (2024). Assessment of themmal-hydraulic-mechanical-chemical THMO) performanices of Ca-type bentonite-graphite mixtures as buffer materals for a high-level radioactive waste repository. Case studies in Congt. Mat, 21, e03876.































































































































