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Abstract

When placement rooms in a deep geological repository are constructed, different excavation
damage zones (EDZs) with connected fracturee(iemcavation damage zon&DZi) close to

the excavation surface and disconnected fractures (outer excavation damagelXbogfurther

away form. A cutoff is an excavation constructed perpendicular to the placement room axis that
creates a crossectial enlargement of the excavation, which when filled with a sealing material
such as bentonite, seals the EDZi to mininmadionuclidestransportthrough thiszone This
research developed a framework to help determine the dimension and shape of an optoffu
examininga wide range of geological scenarios using continuum numerical modelling. In the first
stage, dimensions of different EDZs induced due to the excavation of the placement room were
determined. In the second stage, based on the dimew$iEBZi from the first stage, rectangular,
triangular, and trapezaadl cutoffs with different dimensions under different geological settings
were constructed. In the third stage, the effect of different variants such as shape and orientation
of placementoom, rock mass properties and anisotropy, and heat from the nuclear fuel on the
extent of EDZi around the optimum cutoff was studied. The depth of ER&predicted based

on the sign and magnitude of volumetric strain inside the plastic zone fromntiegicai model.

The extent of EDZs increaseavith an increase in the ratio of maximum stress around the
excavation to the strength of the rock mass. The trapezoidal csbhapmf, with a minimum
thickness to depth (aspect) ratio (Q:&ps foundto be theoptimum in this studybased on its

ability to induce a minimum increase in the EDZi after the construction of the cutoffadiiad

extent of EDZi for the optimum cutoff is smaller for the granite followed by limestone and
mudstone. Theadial extent of EIXZi for the optimum cutoff is lower for the limestone and
mudstone with the absence of bedding planes compared to when bedding planes are present.
Furthermore, for the given stress situation in this studyathelextent of EDZi for the optimum

cutoff for the horizontal placement room and vertical room (shatft) is found approximately equal.
Theradialextent of EDZi for the optimum cutoff for a circular placement room is smaller than the
rectangular placement room. Finally, a maximum temperature®f 84he cutoff increasesom

the mechanical only mod#ieradialextent of EDZi and EDZo by 72 cm and 61 cm, respectively.
This study helps in understanding excavation damage zones and designing cutoff for underground

excavations, especially in underground nuclear waste repositories.



Acknowledgements

| would first like to express my sincere gratitude to my supervisoresyofVatthew Perras

PEng and ProéssorJit SharmaPEngfor their continuous support and assistance without which

| could not have completed this thesis. Their expertise and guidance were invaluable in formulating
the research questions and methodology. Their valuable discussion and pdpiedtrhe to
improve the technical results of the study very much. Their continuous feedback pushed me to

sharpen my technical knowledge and interpersonal skills.

The research work presented in this thesigds on previous EDZ and cutoff modellingsearh
financially supported by the Natural Sciences and Engineering Research Council of Canada
(NSERC) and the Nuclear Waste Management Organization of Canada (N\WMRE)fessor
Matthew PerragContinued financial suppdiar this researcfrom NSERC is ackneledged The
insightful comments on the research from Bossein Kasanifom Lam at NWMO, Canadand
Professor Gabriel Walton at Colorado School of Mines, lUB@atly helped me to improve the

work.

| would also like to thank PressorMagddena Krol PEng Professor Kamelia AtefMonfared
PEng and Ms. Sindy Mahal at the Dept. of Civil Engineering, for their valuasdsistance
throughout my studie®rofessor Krol and Professor Atefi generously provided their time, support
and feedback toughout the preparation and review of the thesis. In addiBarfessorKrol
helped me to carry out the research by providing access to the software COMSWahal
provided me the tools and guidance that | needed to choose the right direction asdfaligc

complete my thesis.

In addition, | would like to thank my parents antlisigs for their wise counsel and emotional
support. Finally, 1 could not have completed this research without the support of my friends,
Rodrigo, Jeffrey, Josephine, and Ubaivho provided stimulating discussions as well as happy

distractions to rest my mind outside of my work.



Tables of Contents

Y 0153 = Lo A TP OPPPPPRR ii
ACKNOWIEAGEIMENLS. ...ttt e ee et eeeee et et et e e e e e e e e e e e e s ammme e e e e e e e e e e e e aaann i
1= Lo (TS0 B O 0] ] 1= 1 X Y
S A0 N 1= 10 =SSOSR 1/
LISt Of FIQUIBS.......uiiiiiiiiiiiiiiiiee ettt rmme e e e e e e s snsinees s snnnsnsssssneens VT
Chapter 1: INTrOAUCTION. .......coiiiiiiee e eeene b e e e 1
1.1 BACKGIOUNG. ... .ottt ee ettt e et e e e e e e e e e e e e e s ammme e e e e e e e e e e e e e e annnas 1
1.1.1 Deep @Gological Repository (DGR).......cccoiiiiiiiiiiiiieeeiiie e 2
1.1.2 Excavation Damage Zones (EDZS)..........ccooovvviiiiiimnreeiiiiieeeeeeiiisecemeeeeeennnnndd.
1.1.3 CULOFT SEAL....ciiiiiiiieiiiii e e e e e e e e e e e e e ernee e e e e e e e e eaeeees 9

1.2 The Problem StatemenL..........coooiiiiiiiiieeee e e eeeees 11
1.3 RESEAICN ODJECHVES. .. ...ttt ieee ettt eeee e e e e e e e e e e e e e e ammme e e e e 12
1.4 Layout Of the ThESIS. ...ttt eeree e aneer e e e e eee 13
Chapter 2: LIterature REVIBW..........uuuiiiiiiieii i e e e et e e e e eeat e e e e eessmmmeenes 15
P20 R 1 1 o o (3 Tox 1o n TP OUUPPPPPPP 15
2.2 EDZS STUAIES. ...cceeitetiiiiie et e e e e e e e et eeeea s e e e e e e e e e e e e eeeeeeeesbtbnnneaeeeeeeeeeenennen 15
PG B O U (o] 1 BT =T | PP 20
2.3.1 Cutoff Seal in Mining and Other INAUSLLIES..............vvivviiiccre e 21
2.3.2 Cutoff Seal in Deepédlogical REPOSItONES...........ccvvvvvvuviiiimmeeeeeeervi e 24
2.3.3 DGR Perturbations on the Design of Cutoff Seal..............cccooivieeeeiieee 37

A =TS T (o o = T o J PRSP 39
(@ gF=T o] (=1 g B 1Y/ =1 i a o To (o] [T /2 41
G 200 I 111 o o (3 Tox 1o S 41
3.2 MOAEl SEHUD ..o it r e e e e e eeerereeeeeeeeeeeeee e B2
3.2.1 MechaniCal MOAEL...........uuuuiieii e eeer e 43
3.2.2 Thermemechanical MOdel.............cooiiiiiiiiiieeee s 45

IR I 00 0 153 111811 V7= 01V (o To L= SRS 50
3.4 Initial Stress and Boundary CONAItIONS...........uviiiiiiiiiiieerieiieeieeeee e 56
3.4.1 MechaniCal MOEL............uuuiiiiiiie e 56
3.4.2 Thermemechaical MOdEel.............cooiiiiiiiiiiieeee s 57



3.5 SUMIMIGIY. ..ttt eerrna e e e s e et e e e e e et e et e ammna s e e e e eeeeeeeeeennnnnnns 58

Chapter 4: Mechanical Modelling RESUILS.............oooiiee e 59
g {1 o o 18 o 1o PSP 59
4.2 Mechanical Modelling Results and DISCUSSION............cccccuiiimmmnn e 59
4.3 The Optimum CULOIE........oo e eeeee e 64
4.4 Effect of Different Variants on the CutQff.............cccoo e 66

4.4.1 Comparison between Cutoff for Shaft and ROOM..............coooiiiicce e 66
4.4.2 Cutoff for Anisotropic ROCK Mass Properties.............ueeeeeeiiiieeeiineerieiiieieeeeeeeen 68
4.4.3 Cutoff for Different ROCK Mass TYPES.......uuiiiiiiiiiiiiii s ceeeic e e 75
4.4.4 Cutoff for Rectangular &&tement ROOML...........cccovviiiiiiiiiceer e, 78

Chapter 5: Thermdlechanical Modelling REeSUILS............cooovviiiiiiiicier e, 82
0 R 1 oo (3 Tox 1o n TP R SRR 82
5.2 The Maximum Temperature inside the RepOSItALY...........ccevvviiiiiceerieeeieeiiiiee e 82
5.3 Thermal Modelling Results and DISCUSSION...........cooieiiiiiiimmmiiie e eee e eeesvimmmeens 84
5.4 ThermeMechanical Modelling RESUILS............oovviriiiiiiiir e 93

Chapter 6: Result Discussion and Limitations..............uueeiiiccceeeeiiiiene e e e e ereenes 98
G [ g (oo (U Tod 1 o] o ORI 98
6.2 DISCUSSION Of RESUILS......ceiiiiiiiiiiiiiee e e e 98
6.3 Important Assumptions and Limitations................euuuiiiiccrieeeeeiicee e 101
6.4 SeNSItIVIEY ANAIYSIS......coii i e e e 104

Chapter 7: Summary and CONCIUSIONS.........coiiiiiiiiiiceee e 109
7.1 SUMMATY OF FINAINGS. ..eitiiiiiiiiiiiiie e 109
7.2 Recommended FULUre STUAIES...........uuuiiiiiiiiiiieeeiiiiiiie et 113
4 O 0] 4 od 1§ o] 0 1T 114

] (=T =] o= 117

LY o] 0[] 10 [ [o =T PP PPPPPPPPPP 129
Appendix A: Code for Therm®echanical Model................oooooiiiin 129



List of Tables

Table 3.1 Data points to gelage the CWFS, a Binear model used in the numerical simulation

(Perras and DiederiChs, 20L6)......ccoouu it ieeeee et reee e e 53

Table 3.2 Mechanical properties used in the mechanical study and therohanical study
(Peras and DiederiChs, 2016)........ccccuuurriiiiiiiieeeiiiebeiieee e e e e e e e s eeeeee e e e e e eeeeeaaeeaeeeeasammme s 54

Table 3.3 Mechanical properties of bedding planes used in the mechanical study (Perras and
(D] T=To L=T g o o S 0 ) S 54

Table 3.4 Bedding plane data points to generate the CWHiSear model used in the numerical
simulation (after Walton, 2019)............cii it a b —— 54

Table 3.5 Thermal properties used in the themszanical study (RadakowGuzina et al., 2015;

U o T2 0 1 ) TP 55

Vi



List of Figures

Fig. 1.1 The KBS3V (left) and KBS3H (right) alternatives of the KBS spent fel disposal

MEtNOd (RINNE, 2020)... .. oottt et e e e e e e eer e 4
Fig. 1.2 Conceptual diagram of the French geological disposal facility, CIGEO (ANDRA, 2020).
........................................................................................................................................... 4

Fig. 1.3 Schematic showing conceptual Canadian underground repository (NWMO,.2018).

Fig. 1.4 Conceptual illustration of the multarrier system used to contain and isolate the used
Nnuclear FUEB(NWMO, 2018)......cciiiiiiiiiii it i et e e e et e e e e e e et e e e e e ess s mmmrananes 7

Fig. 1.5 The excavation damage zones and excavation influence zone. Where HDZ, EDZi, EDZo,
and EIZ are highly damaged zone, inner excavation damage zone, outer excavatieanzieraag

and excavation influence zone, respectively. T and D are the thickness and depth of thédcutoff.
Fig. 1.6 The Tunnel Sealing Experiment for studying the performance of bentonite aneteon

cutoff seals. (Chandler et al., 20028,.0)u........coooriiiiiiiiii e 10
Fig. 2.1 Insitu measurements of the EDZ depths from the literature (Perras and Diederichs, 2016)
compared with the empirical depth of spalilifailure by Diederichs (2007)............ccccevvveene 16

Fig. 2.2 Generic cutoff seal shapes (Auld, 1996). (a) Reinforced concrete slab; (b) Unreinforced
concrete arch; (c) Unreinforced concrete tapered cutoff @al)nreinforced concrete parallel
cutoff seal; (e) Unreinforced concrete cylindrical parallel cutoff seal, with human access; (f)

unreinforced concrete cylindrical parallel cutoff seal, with roadway access................... 22
Fig. 2.3 Layout of the Tunnel Sealing Experiment after Pusch et al. (1987)h................. 26
Fig. 2.4 Schematics of the arrangement of the concrete and HCB Shaft Sealing Tests (Dixon et al.,
2009) ettt —————————— i —————ttatttan———————ttttttaaaaaaaaaaaaa s i aaaaaans 26

Fig. 2.5 The conceptual diagram of the Backfill and Seal Test. (Gunnarsson et al.,.2002y
Fig. 2.6 The conceptual illtration of Prototype Repository Test for the cutoff seal (Lydmark,

1220 1 0 ) TR PR PPPP PSR 28

Fig. 2.7 Schematic section of the DOMPLU {stlale test carried out Asp HRL (Enzell and Malm,

20 L ) TSP PR R SRSRER 29

Fi g. 2.8 Posivads design for the POPLU (wedge
cutoff seal layers shown at right (Holt and Koho, 2016)............cccccuvviimimmmnniiiiiiiiiiieeeeee 30

Fig. 2.9 Conceptual design illustration for the ANDRA FSS test, France (Noiret et al.,. 281 3).
Fig. 2.10 Reference conceptual design for the German shaft seal. The elemedesebmnsithe
safety assessment are framed in red (Milleeppe et al., 2012). The Gorlebenbank is a folded
anhydrite layer in the roCK Salt.............ooooeiiiiiiiieeei e e 32

Fig. 2.11 lllustration of different componentstbé Tunnel Sealing Test in salt (Sitz et al., 2002).

Fig. 2.12 Schematic diagram for the Tunnel Sealing Experiment designed to understand the
performance of concrete and bentonite cutoffssé@handler et al., 2002a, b)..................... 35

Fig. 2.13 Conceptual diagram for different components of the CSE (Martino et al.,.2003%

Fig. 3.1 The flow chart with different tasks carried out in order to achieve the objectives. Here
aEDZi is the change in EDZi before and after the construction of the cutoff................... 42

Vii



Fig. 3.2 (a) Circulaexcavation and (b) Rectangular excavation used in the numerical médel.
Fig. 3.3 (a) Rectangular cutoff with circular excavation (b) Triangular cutoff with circular
excavation (c) Trapezoidutoff with circular excavation (d) Trapezoid cutoff with rectangular

(23 o= A7 Ui (o] o PSP PPPPPP PP PP 44

Fig. 3.4 Proposed layout for an underground nuclear waste repository in crystalline rock for 4.6
million spentnuclear bundles (modified after Radake@®azina et al. (2015)).....................47

Fig. 3.5 (a) Near field thermal (unit cell) model for an infinite repository (b) thermal model with
100 canisters in the rooosed in this study. Both figures are not to scale........................ 48

Fig. 3.6 Variation of single canister power with time (after, Guo (2017))........................49

Fig. 3.7 Geometry of (a) room and host rock and (b) backfill material used in the numerical model
to simulate the thermmechanical response of cutoff. Point_1 represents the temperature
monitoring location. Backfill material was illustrated for the thafrmodel only and the room was

considered empty for the mechanical model............cccooiiiiiiiiiii e, 50
Fig. 3.8 Mathematical evolution of cohesion and friction angle with inelastic strain in cohesion
weakening and friatin strengthening approach (after Walton, 2019)...........cccooeeeiiiieenens 52

Fig. 3.9 Empirical and Numerical depths of EDZs (modified after Perras and Diederichs (2016)).
The two dots i n t hemxtfoClgatiousedm this study..h.e....r.ah7/ge of
Fig. 4.1 Different excavation damage zones interpreted from volumetric strain and yielded

elements (Sharma et al., 2019)........ccciiiiiiiiiiiie e rrer e ———— 60

Fig. 4.2 The EDZi to EDZo transition around a triangular shaped cutoff......................... 61

Fig. 4.3 The EDZi to EDZo transition around a trapezoidal shaped cutoff...................... 62

Fig. 4.4 The EDZi to EDZo transition around a rectangular shaped cutoff..................... 62

Fig. 4.5 Extent of rock mass dilation before and after the constnucti (a) triangular, (b)
trapezoid, and (C) rectangular CUtQIf..............cooiiiiii e 63

Fig. 4.6 Normalized extent of @&@EDZi with T/D
(b) triangular cutoff and (c) trapezoid CUtOff............oooiiiiiiiiiee e 65

Fig. 4.7 Contours of volumetric strain, ammg tooundary between EDZi and EDZo for a trapezoid
shape cutoff for (a) circular shaft and (b) circular raQm.................cciicceiieeeiiiicee . a7

Fig. 4.8 Volumetric strain before and after the construction of the trapezoftifoutbe shaft and

its comparison with the volumetric strain for the room with the optimum trapezoid cutof68

Fig. 4.9 Contours of volumetric strain, and the boundary between EDZi and BDZtr&pezoid
shape cutoff for circular placement room in limestone (a) without bedding planes and (b) with
DEAAING PIANES.......co oo et a e e e e e e 69

Fig. 4.10 Contours of volumetric strain, and the boundary bet&B&nand EDZo for a trapezoid
shape cutoff for circular placement room in mudstone (a) without bedding planes and (b) with
(oT=To o T To T o] F= T = RESPP 71

Fig. 4.11 Rock mass dilation for a cutoff with optim shape and dimension located in limestone
with and without the presence of bedding planes...........cccooo i, 72

Fig. 4.12 Rock mass dilation for a cutoff with optimum shape and dimension located in mudstone
with and without the presence of horizontal bedding planes...........ccccoooviiicccd 73

viii



Fig. 4.13 Contours of shear stress, and the boundary between EDZi and EDZo for a trapezoid
shape cutoff for circular placement room(a) limestone and (b) mudstone without horizontal
[oT=T o o [T To T o] F= T 0 =3 74

Fig. 4.14 Contours of volumetric strain, and the boundary between EDZi and EDZo for a trapezoid
shape cutoff for circular ptement room in (a) granite (b) limestone, and (c) mudstone...76

Fig. 4.15 Rock mass dilation for a cutoff with optimum shape and dimension located in granite,

limestone, and mudstone with theepence of horizontal bedding planes...............ccccccce.e. 77
Fig. 4.16 Rock mass dilation for a cutoff with optimum shape and dimension located in granite,
limestone, and mudstone without the presence of horizbatiling planes..............ccccoe..... 78
Fig. 4.17 Contours of volumetric strain, and the boundary between EDZi and EDZo for a trapezoid
shape cutoff for (a) rectangular placement room and (b) circular placement.raam......... 79
Fig. 4.18 Rock mass dilation for a cutoff with optimum shape and dimension for a rectangular
placement room as compared to the circular placement raam.................covveeeeeeviiiinnnn. 80

Fig. 5.1 The faffield response and ne&eld response (without adiabatic boundary effect
correction) of the conceptual Canadian repository (modified after Radakowioa et al. (2015)).

Fig. 5.2 Evolution of temperature with time at characteristic points for the near field model
assuming an infinitely large rePOSITOLY.. .. ..uuuriiiriiiiiiee e 85

Fig. 5.3 Contours of tempetat along a horizontal plane passing through the center of the room
when the temperature at the canister surface becomes maximum..............ccccoceevvvvnnnns 86

Fig. 5.4 Evolution of temperature at characteristic pointth wime for 10 canisters in the
placement room. The horizontal distance between cutoff, Ptl, and Ptl, Pt2 is 3.5 m while the
distance between all other POINTS IS 3 MM ..o 87

Fig. 5.5 Evolution of tmperature at characteristic points with time for 50 canisters in the
placement room. The horizontal distance between cutoff, Ptl, and Ptl, Pt2 is 3.5 m while the
distance between other POINTS IS 12 MMha.....ccciiuiiiiiiiiiiieeeiiii e eeer e e e e e e e aae s 38

Fig. 5.6 Variation of temperature with time for characteristics points along a line passing through
the center of the room. The horizontal distance between cutoff, Ptl, and Pt1, Pt2 is 3.5 m while
the distance between other POINtS IS 21.M.........ooiiiiiiiiiiiiie e 89

Fig. 5.7 Contours of temperature along a horizontal line passing through the center of the room
after 1000 years when the temperature at the cutoff becomes maximum. The two lines used for
data ploting are shown in red color and represented by L1 and.L2................c.oooceee 90

Fig. 5.8 Variation of temperature along a horizontal line (L1, Fig. 5.7) passing through the center
of the room at CharaCteriStiC WB............coovviieieieeeie e e e e eas 91

Fig. 5.9 Temperature along a vertical line (L2, Fig. 5.7) passing through the right end, away from
the storage adit entrance, of the numerical model..............cccovrieeei e 92

Fig. 5.10 Different excavation damage zones interpreted from (a) yielded elements (b) volumetric
strain without temperature effects. The blacklise showed the boundary between positive and
negative volumetric strain. (c) Mamnetric strain when the temperature around cutoff becomes
maximum and (d) Contours Of tEMPEratULE...........ciiiiiii i 94



Fig. 5.11 (a) Evolution of rock mass temperature at Point_1 from the thragdleanical model.

P represents the actual power of the canister. (b) Volumetric strain before and after rock mass
heating. (c) Description of Point_1 and Distance (r) used for figures (a) and.(b)............ 95

Fig. 6.1 Theextent of EDZi and EDZo before and after the construction of the optimum trapezoidal
cutoff from this study (data in circular and rectangular markers) in comparison with the past

numerical and empIriCal STUIES...........uuuiiiii e e e e e eaees 99

Fig. 6.2 Contours of volumetric strain and extent of the EDZi for the mesh size 0.067 m used for
the mechaniCal MOEL.............u e eeeeees 105

Fig. 6.3 Variation of shear stress with the siftehe mesh around the tip of the cutoff for the
(L=l o F= T o= LN 01 To o =) 106

Fig. 6.4 Contours of volumetric strain and extent of the EDZi for the mesh size 0.1 m used for the
thermaemechaniCal MOUEL...........oooii i e eer e 107

Fig. 6.5 Variation of shear stress with the size of the mesh around the tip of the cutoff for the
thermoemechaniCal MOUEL..........oooo i 107



Chapter 1: Introduction

1.1 Background

Safe and secure storage and disposal of radioactive waste over a longuesrssential to avoid

any detrimental impact on humans and the environment around them (Csullog et al., 2002). In
modern nuclear plants, 96% of the spent isiedcycled bak into uraniurAbased fuel and Mixed

Oxide Fuel (MOX). The remaining 4% of the fission produstastbeisolated and confined in
appropriate facilities for a sufficient period until their radioactivity decistasen acceptable level
(Orano, 2018 Interrational Atomic Energy Agency (IAEA) classified the raativewaste into

three categorieBAEA, 1994}

1. High-level waste (HLW} the highly radioactive liquid, containing mainly fission products
and some actinidesvhich are separated during chemical repessing of irradiated fuel
(aqueous fuel from the first solvent extraction cycle and those fuel streams combined with
it). Or any other waste with radioactivity levels intense enough to generate significant
guantities ofadioactiveheat. Or spent nucleéuel, if it is declared as waste.

2. Intermediatdevel waste (ILW)- waste which, because of its high radionuclide content
requires shielding but needs little or no provision for heat dissipation during its handling
and transportation.

3. Low-level waste (LW) - waste which, because of its low radionuclide content does not

require shielding during normal handling and transportation.

Currently, countries around the world haveaogplanning for storage and segregation facilities
for shortlived waste, and rae-surface disposal for louevel and some of the intermediatvel
waste.Thereis ageneral consensus among scientists and engithegttse long-term solution for
solid nuclear waste disposaldeep geological repositories (DGR) (Efremenkov, 2008skag
and Sundqvist, 2004)urant, 2006; Kojo et al., 2010; Strandberg and Andrén, 2008rfora,
2012.



1.1.1Deep Geological Repository (DGR)

As of 2020, therareno operational underground deep geological repositories (Findlay, 2010).
Finlandis in the adanced stage of construction @GR, which will be locatedat 406450 m

below the ground surface. According to the current plan, the repository would be sealed in 2120
(Vira, 2017). Frances planning to dispose the nuclear wasteaid60 million-yearold clay
formationat a depth of 500 m in a DGR at Bure. The clay serves as-#dongatural barrier for

the waste (Voinis et al. 2016). In June 200@, Swedish Nuclear Fuel and Waste Management
Ltd. (SKB) decided to dispose the wastaito beconstricted DGR at Forsmark, Sweden. SKB

plans to make the repository operational by 2030 (Kwon et al. 2016). Canada considers The
Township of Ignace in northwestern Ontario, and the Municipality of South Bruce in southern
Ontario as two potential sites faHLW DGR (NWMO, 2019).

The basic concept of deep geol@jidisposals to locate a large, stable geolagfitormation and

use mining technology to construct rooms 500 to 1000 m below the ground surface where nuclear
waste can be disposed. The ggdb pernanently isolate the used nuclear fuel from the human
environment. Some radioactive species have difalbf more than 1 million year§herefore, it

is important to isolate them very tightligor even smalkadionuclideleakage can bdevastating

for human lives given thdalf-life time scale (Vandenbosch and Vandenbosch, 2007). A 1983
review of the Swedish radioactive waste disposal program by the National Academy of Sciences
found that country's estimate of several hundred thousand-yeansaps upa one million years

- being necessary for waste isolatiefi f ul 'y justi fiedo (Yates, 198
radioactivity of some of the isotopes have led to the idea of deep disposal in repositories in a stable
geologicalenvironment. In th®GR, isolationis provided by a combination of naturgkplogical
environment) barrier and engineered barriers (such as the waste packaging and the engineered
repository) which are supposed to preverhe reaching the radionuclides to humans and the
environment. The most acceptable deep disposal concept will contain horizonitaéld rooms

where nuclear waste packaged into containers would be placed. In most cases, the packaged
containersaaresurrounded by material such as cement or @#so known as dckfill materia) to

provide another layer of the engineered barrier. The type of waste container, its material, its design,

and the type of the backfill material will depend upon the type of nuclear fuel to be contained and

2



the geology of the available storock. The contents of the repository would be retrievable in the
short term, and if desired, in the lotegm as well.

SKB uses the KBS (an abbreviation of karnbranslesékerhet, nuclear fuel safetygept for the
disposal which consists of three f@ctive barriers namely, copper canisters, bentonite clay, and
Swedish bedrock located in Forsmark (Kwon et al., 2016). In this concept, the nuclear fuel will be
encapsulated in copper canisters and then will be placed in a system of tunnels aet@the
ground surface. Theaetwo alternatives to the concefitst, KBS-3V in which the canisterare
placed in individual vertical deposition holesd second, KBSH, in which serval canisteese
placed in hodontal drifts as shown iRig. 1.1. The studies during 2062007 have demonstrated
that the horizontal deposition alternatisetechnically feasible and fulfills the same letegm
safety requirements as the reference design-BBSIn the KBS3H design multiple canisters
containing the spent fuareplaced in parallel, approximately 300 m long, and slightly inclined
deposition drifts. The copper canisters, each with a surrounding layer of bentoniteptéed

in perforated steel shells before dsgpion into the drift. The canister in combination with the
bentonite clays known as the supercontainer. The supercontaarerdeposited coaxially in the
drifts and supported on steel feet to leave an annuladsefa@en the supercontainers amel drit

wall. Bentonite distance blocks separate the supercontainersfr@amother along the drift. The
void space along the circumference of the dsifilled with bentonite whichis designed tewell

after coming in contact with watehereby providing tight seal

Finnish spent nuclear waste disposal progssttna s e d o n t BH deSidghBrheduelkvil S

be disposed in the underground nuclear waste repository at a 400 m depth in Olkiluoto bedrock.

The French geological repository, Centre Indekile Stockage Géologique (CIGEO) will be
located in Meuse (Hautglarne) around 500 m below the ground surface (Voinis et al. 2016). It
will be located in a stable 130 m thick clay layer. The repository will be divided into twa:zone
one for intermediatéevel and the other for higlevel waste as shown ig. 1.2. After getting

the license for the construction in 2019, AgeNedionale pour l&estion des déchets radioactifs
(ANDRA) is planning the first phase tfie repository construction in 2022.



Backfill Bentonite

Bentonite Canister

Canister

Fig. 1.1 The KBS-3V (left) and KBS-3H (right) alternatives of the KBS-3 spent fuel disposal
method (Rinne, 2020).

CIGEO GEOLOGICAL DISPOSAL PROJECT

UNDERGROUND LABORATORY $a

DISPATCH ZONE

Fig. 1.2 Conceptual diagram of the French geological disposal facility, CIGEO (ANDRA, 2020).
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As of June 30, 2019, Canada has an inventory of 2.9 million used nuclear fuel bundles (Noronha,
2016). At the end of the planned operation of Canada'’s existing nu@detorse the number of

used fuel bundles could total about 5.5 million. Canada has chosen the adaptive phase management
plan for the longerm management oits used nuclear fuel. This plan involves realistic,
manageable phases with a possibility for tle®iporation of new knowledge with tim@neDGR

will be large enough to contain all the used fuel inventory generated from the planned operation
of Canadads n uBRGRevid be congracted ab a depth off'500em, covering an area
about2 km by 3 km in crystalline or sedimentary rock by excavating the rock using controlled
drilling and blasting operation. Rock boring machine can also be used depending on the final
design and site conditions.

Since 2010, NWMO is working on the site selection psscehich involves nine steps, with
opportunities to incorporate new knowledge along the way. Broadly the first three steps include
initiating the siting process, carrying out initial screening, and preliminary assessment of
suitability, while the remainingteps (steps 4 to 9) include the site confirmation, construction, and
operationsThe process isommunitydriven and itis designed to ensuthat the site selected is
safe, secure, and has an informed and willing hastpresent, theTownship of Ignacen
northwestern Ontario, and the Municipality of South Bruce in southern Omtaioonsidered
potential sites for the repository by NWMO (NWMO, 2018).

The proposed repository will contain a series of engineered and natural barriers to contain and
isolaie the used nuclear fuel from the human environment.fif$tecomponent of engineered
barrier is adurable container made of stainless steel with a copper ctawogtainfuel bundles.
The used fuel containéas & mm copper coatingnd will be 2.8 nlong and).568 m in diameter.
It also contains a steel basket within the carbteel pipe and a spherical cap at the togatate
the used nuclear fuellhe container will prevent the radionuclides from escaping into the
underground environment from theel bundles and withstand pressure from overlying rock and
glaciers during a future ice agehe second component of the engineered barrier is bentonite clay
which is used to encapsulate the container and as a backfill material inside the placement room
(Fig. 1.4). The host rock mass surrounding the placement room will act as a natural barrier to
providea high level of longerm isolation and containment withaatichfuture maintenance.
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Fig. 1.3 Schematic showing conceptual Canadian underground repository (NWMO, 2018).

The spent nuclear fuel encapsulated into the canisters will be placed into the parallel rectangular
rooms in multiple panels of the DGR as showikig. 1.3 (NWMO, 2018). Each panel consists

of 35 or 36 placement rooms with a center to center room spacing of 20 m. These rooms will be
3.2 mwide and 2.2 m high. Each room will contain two layers of buffer blacksioing the used

fuel containersKig. 1.4). The bentonite buffer block will be placed horizontally, perpendicular to

the room axis. The gap between host rock and buffer blocks will be filled with highly compacted
bentonite while the gap between adjacent buffer blocks will be filled using dense backfill blocks.
The rooms will be sealed using the cutoff seals combined with bentonite and concrete. These
placement rooms will be connected to the main drift via crossoutmaterial handling and
transportation. When the placement roamnsconstructed excavation damage zones (ERZes)

also created in the rock mass along the periphery of the excavation due to the construction process
and redistribution of the isitu stessesln the case adcanister breachadionuclides can transport

through the connected fractures in the EDZs.



© Fuel pellet
® Fuel bundle

© Fuel container

@ Bentonite clay
© Geosphere

Fig. 1.4 Conceptual illustration of the multi-barrier system used to contain and isolate the used
nuclear fuel (NWMO, 2018).

1.1.2Excavation Damage Zones (EDZS)

During the construction of the underground excavations, damage occurs in the surrounding rock
mass due to the construction process and redistributiorsitiiistresses. The permeabilitytbé

rock mass in EDZs significantly increases due to the damage caused by excavation. The increase
in permeability poses a significant risk of potential transport of radionuclides through EDZs
escaping from thgeologicabarriers used for isolation. Théoee, itis important to determine the

depth of EDZs for the effective design of placement rooms and engineered barriers.



In the past, researchers have classified the EDZs based on how the dandgeed and how it
changes the permeability around theavations. Siren et al. (2015) provided a comprehensive
classification forstressinduced andtonstructiorinduced EDZs in crystalline rocks. The EDZs
arecomposed of various damage zones with vargegsites of fractures as showmn Fig. 1.5.

The density of excavation induced fractures decreases moving away from the excavation surface.
Harrison et al. (2000) divided the excavation response into two categories: initial inevitable

excavation consequences and adddi effects induced by the construction method.

The construction method induces the construction damage zone (CDZ) which can be reduced or
eliminated by changing or adjusting the construction method. In contrast, the damage induced by
the change ingeomdry, structure, and redistributioof in-situ stressess inevitable.The zone

where interconnected macrfracturesare presentis known asa highly damaged zone (HDZ).
Moving outward, the zone with connected mifracturesis referred to as the inner eavation
damage zone (EDZi). After EDZI, the zone where connected to isolatedfngictoresarepresent
isknown as the outer excavation damage zone (EDZo). Beyond EDZo, the zone where only elastic

redistribution in insitu stresses occsiis known as tlke excavation influence zone (EIZ).

The outer limit of the EI4s not critical for the excavation design agsisit a far distance from the
excavation boundanhowever, itis important to consider the interaction between EDZ and EIZ.

In the field, the @nsition between these zonsgradual, and distinguishing between them from
in-situ measurement can be difficult. Radionuclides can transport through the connected micro
fractures present in the EDZherebyescapingfrom the engineered and natural tars. To
disconnect and seal the connected fractam@stoff structuras constructed and filled with backfill

material. A cutoff of thickness T and defd is shown inFig. 1.5.
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Fig. 1.5 The excavation damage zones and excavation influence zone. Where HDZ, EDZi,

EDZo, and EIZ are highly damaged zone, inner excavation damage zone, outer excavation

damage zone, and excavation influence zone, respectively. T and D are the thickness and
depth of the cutoff.

1.1.3Cutoff Seal

Room seals or cutoff seasea type of engineered barrier placed at strategic locations in shafts,
access driftsand at the end of the fuel placement rooms to seal the repdditiylO, 2018) A
cutdf is an excavation constructed around the drift or shaétfilled with bentonite or other

sealing material. The cutoff will be constructed perpendicular to the excavation axis to prevent the
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potential migration ofadionuclidesand water flow through thEDZi parallel to the room axis.
Note that in this study the term cutaffused for the empty cutoff excavation while the term cutoff
sealis used when the cutois$ filled with backfill material such as bentonite. According to SKB,
the life cycle of a atoff seal would be until the final closure of the repository and its purpose
would be to cut off water flow an@dionuclidetransport along the placement room (Dixon et al.,
2009).

Keyed Concrete
Bulkhead

Keyed Highly Compacted
Clay-Block Bulkhead

Sand Filler

Sand Filler Pressure Supply

and Withdrawal
Highly Compacted Headers
Steel Plate Backfill (from room 415)

Steel Support

Fig. 1.6 The Tunnel Sealing Experiment for studying the performance of bentonite and concrete
cutoff seals. (Chandler et al., 2002a, b).

The cutoff seals expected to maintain its hydraulic and swelling capacity while remaining at a
designed place and being subjected to watssgure and backfill material load. Most international
concepts for drift or shaft cutoff seals include a concrete structure combined with a swelling clay
material Fig. 1.6). The cutoffis combined with highly commied bentonite because of its high
swelling potential and low permeability uponrgaturation to act as a stable engineered barrier
under varying thermanechanical loads from the repository perturbations (Alonso et al., 2004).
The concrete material used the cutoff seal has a low plgH<11)(Holt and Koho, 2016) value
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and high volumetric stability to effectively seal the openifige low pH concretés chosen
because at high pH, the other component of the engineered barrier, bestamstable (Holtad
Koho, 2016. The seals will be installed in a way that they can be replaced or removed if necessary,

during the preclosure and prsaturation period of the repository.

The cutoff sealsare designed to endure the challenging hydrogeological environmkeeate
surrounding rock mass fractured and hydraulically active resulting in a water pressure up to 5 to
7 MPa as well as the swelling pressure from adjacent sealing material. Hydraulically active rock
can be present because of the EDZs and the preskpoeexisting fissures, joints, or cracks in

the vicinity of the cutoff seal. High water inflow featusegonly effective duringhe pre-closure

and presaturation period of the repository because once the repositdosed, water gradients

will decrease and will become in equilibrium with the regional groundwater table.

The cutoff seal must be designed for a long period of time (up to 1 million years) as it will not be
accessible after the repository closure (1000 years). Theref@egeity important to design the
effective shape, the size, and the location of the cutoff seals.

1.2 The Problem Statement

The performance of the cutoff semmeasured from its role to coff water flow to and along the

room and to physically resist pressure that ip@ygenerated inside the room. Different nuclear
waste management organizations around the world, interested in deep disposal of nuclear waste
have carried out a number of tunnel cutoff seal téais¢h et al., 1987; Gunnarsson et al., 2002;
Chandler etla 2002a; Chandler et al., 2002b; Barnichon and Deleruyelle, 2009; Enzell and Malm,
2019)to understand the mechanical behaviour of cutoff. SHase testare site-specific, and
experiences from these projects can not be transferred to understanddiragreeand EDZs

for cutoffs in varying geological settings for different DGRBerefore, numerical modelling can

be an important tool to understand EigZs for the cutofslocated in different geological settings.

While few researchersuch asPerraset al. (2015) and Yuan et al. (2017ave numerically
simulated the mechanical behaviouragbarticular shape and dimension of ¢théoff located in a

specific rock typeln this thesisnumerical modellings usedto develop a generic methodology to
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understand th&DZi and EDZo fodifferent shapes and dimensions of cutoffs under a wide range
of geological settingsAlso, thereis a scarcity ofstudies forEDZi and EDZo prediction for the
cutoffs under themal loads from nuclear fuein the underground utlear waste repository
environmentThereforejn this study numericalmodellingis used to understariEDZi and EDZo

for the cutoff under differentthermoemechanicalconditions inan underground nuclear waste

repository

1.3 ResearchObijectives

While field tests have been carried out to understand the perforraadcEDZs foithe cutof,

these testaresite-specific and the performanemd EDZdor the cutoffs can vary depending on

the repository site to site. Numerical modelling can be used to undets&®lB®Zi and EDZo
around thecutoff under varying thermal and mechanical conditions for a repository. In order to
evaluateEDZi and EDZo forcutoffs using numerical modelling, this thesis focuses on the

following objectives.

1. To evaluate mnensionsof different EDZs around a conceptual plaegamroom inan
underground nuclear waste repositatith various geological properties and conditions

2. To model differentshaps and dimensions of cutaffdesigned tcseal the EDZs from
objective 1 and detmine the opinum shapes and dimensions for different geological
scenarios.

3. To study the effect of different variants such as shape and orientatitat@hent room,
rock mass anisotropy, rock mass propeyta®l heat from the spent nuclear fuel on the

change ofie EDZi and EDZoaroundthe optimum cutoff.
In order to achievéheabove objectiveghefollowing tasks have been undertaken:

1. Determine the dimensions of different EDZs around a conceptual placement room with
and without the cutoff using a continuum nencal model (FLAC3D) under different
geological settings.

2. Optimize the dimension and shape tbfeecutoff sealgeometriesby minimizing the

increase in the prexisting EDZi after constructing the cutoff.
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3. Analyze the effect of different variants suchslspe and orientation of the placement
room, rock mass anisotropy, and rock mass properties chainge of the EDZi and EDZo
aroundthe optimum cutoff.

4. Determine the maximum possible temperature at the cutoff due to the heat from spent
nuclear fuel dung the repository life cycle using a finite element thermal model at the
scale of the placement room.

5. Analyze the effect of heat from nuclear fueltbe change of the EDZi and EDZo around

the optimum cutoff using a finite difference thermwechanical mode

1.4 Layout of the Thesis

Chapterl (this chapterprovideshistoric and statef-the-art background information on nuclear

waste disposabnd develops a case for undertakihg researctdescribed in this thesiky
providing a problem statement aadtlining a set of objectiveDefinitions of important terms

such as DGR, excavation damage zones around excavations, different types of barriers used in

nuclear waste repositories, and description of cutoff ssaalso provided in this chapter.

Chapter2 consists of an extensive review of past researctheanalysis andlesignof cutoff

seals in both underground nuclear waste repositories and underground mines. The design concepts
for room seals from various countries around the wanmdgresented. Expamental and numerical
modelling studies for cutoff desigare discussecand knowledge gaps identifie@ihe specific

objectives of the researehealso discussed in detail in this chapter.

Chapter3 describes the methodologlyat has been uséd study he mechanicdbehaviourof the

cutoff using athree-dimensional(3D) numerical model. Three shapes of cutoffs, triangular,
trapezoid, and rectangular for circular and rectangular rooms, located in granite, limestone, and
mudstonerenumerically simulatedl'he rooms in the repositoayeconsidered at different depths

to analyze the modddehaviourfor a range of irsitu stresses. This chapter also describes a
parametric study thavtasused to optimize the cutoff shape and dimensions. The methodology to
study thethermemechanicabehaviourof the cutoff at the placement room scai@soutlined in

this chapter.
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Chapter4 presents the results froitine numericalmodelling conductedto understand the
mechanicalbehaviourof cutoff located in a certain type obck and insitu stress conditions.
Different Excavation damage zones (EDZs) due to the construction of the room andaretoffs
predicted. A parametric studyascarried to optimize the shape and dimension of the cutoff that
leads to a minimum increasetime preexisting EDZi due to the construction of the cutoff. This
chapter also describes the results on the effects of different variants such as shape and orientation
of placement room, rock mass anisotropy, and propestigee change of the EDZi andDZo

aroundthe optimum cutoff.

Chapter5 describes the effect of heat from spent nuclear fuel on the optimum cutoff. To analyze
the effect of heath D thermomechanical model has been used. The results of the study show the

effect of heat on the optimuoutoff using a near field model and a placement room scale model.

Chapter6 analyzesand discussethe numerical modellingresults by comparing thenwith
empirical and analytical solution¥he findingsarediscussedn the context of repository design
The limitations of the research and important assumptions made in thestatho discussed in
this chapterThe effect of important parameters and their sensitivity on the numeracilling

results, for example, mesh sjzeealso discussed in thihapter.

Chapter7 summariseghe objectives, the methodology, and the findings of the reseamdh
provides key conclusions that can be drawn franit ilso outlines the scope of future research
based on the limitations of the methods and availablenrgton.
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Chapter 2: Literature Review

2.1 Introduction

This chaptercontainsa review of the studies conducted to deterntieeextent of th&DZs for
underground openings in brittle rocks. Empirical studies based on field observation and numerical
studies to detrmine the depths of EDZsedescribed.

Researchersaveused numericainodellingtools to study the extent and evolution of EDZs with
time for sitespecific case studies. A concise overview of the different numerical appraaches

provided in this chapt.

A detailed overview of the proposed concepts for the cutoff seals in the underground nuclear waste
repositories around the woiilslpresented. Different countriesich as Sweden, Belgium, Canada,
Germany, Finland, Netherlands, and SwitzerJdraye arried out tunnel and shaft sealing field
experiments to understand the performaaoe EDZs forcutoff sealsA detailedoverview of the

field performance of these cutoff seals and important parameters affecting the performance of

cutoff sealsaarediscussd here.

2.2 EDZs Studies

Studieshave beenconductedto understand the formation and evolution of EDZs with time
(Blimling et al., 2007), depth of EDZs (Backblom, 2008), and changes in the permeability in EDZs
(Ababou et al.,, 2011). These studies were comdiict crystalline rocks (Backblom, 2008),
argillaceous rocks (Lanyon, 2011), and salt rocks (Hou, 2003). Thesserock typesre most
commonly considered to act as a natural barrier for the deep geological repositories (Tsang et al.,
2005).

Empirical gudies have been carried out to predict the extent of different EDZs baseditn in
stress conditions. Perras and Diederichs (2016) collected the EDZs-sital stress data for
underground excavations around the woflde in-situ measurement for thardensiors of EDZs
collected by Perras and Diederichs (20486¢ presented inFig. 2.1. The x-axis of the plot

representshe ratioof maximum tangential stress along the boundary of the excavation and crack
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initiation stress while the-gxis of the plotrepresentshe extent of EDZs normalized by the size

of the excavation. The empirical depth of failure proposed by Diederichs (2007) has been shown

to successfully predict the depth of brittle spalling around theetar{Carter et al., 2008). The
theoretical basis of the failure in the hard rock mass, such as granite, dense sandstone, and andesite
wasdiscussed in detail by Diederichs (2007). It was observed that failure in hard rocks initiates at
stresses approximey 0.3 to 0.5 times of the uniaxial compressive stremRgiras and Diederichs

(2016 showed that the empirical model predicteedepth of failure well whenp to Cl ratio

was below 2 while it did not predict well above the latter ratio. This was due to tHeean

increase in the failure depth with  to ClI ratio as opposed to linear increase as assumed in the

linear empirical model.
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Fig. 2.1 In-situ measurements of the EDZ depths from the literature (Perras and Diederichs,
2016) compared with the empirical depth of spalling failure by Diederichs (2007).
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Numericalmodellingstudies were carrikout to understand the extent and evolution with time of
EDZs forsite-specific case studies. Continuum (Hou, 2003; Rutqvist et al., 2009), discontinuum
(Fabian et al., 2007; Hudson et al., 2009), and hyhddelling(Zhu and Bruhns, 2008; Lisjak et

al., 2015; Lisjak et al., 2016) approaches were used to determine the EDZs. These studies were
conducted on specific sites and lack generality and flexibility to use for other case studies where
the geological setting of the rock mass considerably differsa®end Diederichs (2016)
developed a more general approach to determine the dimensions of EDZs around circular

excavations using the brittle failure rock mechanics.

The tunnel sealing experiment (TSX) was constructed inside a room of the Canadianoumndergr
research laboratory (URL) located 420 m below the ground surface to study the EDZs around
tunnels in granitic rock (Martino and Chandler, 2004). The Canadian Nuclear Safety Commission
(CNSC) used FRACON, a continuum numerical simulator to simulatiathage around the room
(Rutqvist et al., 2009). The team usedMhsesSchleicher and Druckd?rager unifiedj1ISDPU

failure criterion proposed by Aubertin et al. (2000) and Li et al. (2005). The input parafoeter

the criterion was inferred from thadoratory triaxial tests and field observations.

The input parameters for the MSDPu criteviare, ,, ,", Q ®, b where, ,, ,7, and bwere

uniaxial compressive strength, tensile strength, friction aaglé shape pameter, respectively
while "Q andd werematerial parametethatcan be dermined from the lab experimentdore
detailson the formulation of the MSDRuriterion and some basic applications can be found in the
article,Shiraziet al.(2009. The input parameters for the MSD¥ald function were derived from

fitting the stress curve to Hodkrown failure criteria to simulate the rock mass behaviour. Using

the parametersletermined from the lakexperimentsand Hoek-Brown failure criteria the
determined damage zone (zone in the plastic state) around the tunnel was found equal to the
observed EDZi in the field experiment (Rutqvist et al., 2008¢ parameters for the Ho@&town

failure criteriaweredetermined from the taxial lab tests.

A study funded by the Swedish Nuclear Power Inspectorate and conducted at the Lawrence
Berkeley National Laboratory (LBNLSKI) used ROCMAS, a continuum numerical simulator to

simulate the excavatieinduced EDZs (Rutqvist et al., 2009). MeGoulomb failure aterion was
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used to simulate the failure process of rock mass and an empirical equation was used in
combination with the failure criteria to simulate the excavaitiuced permeability changes. The
equivalent cohesion and friction angle to be used inMbar-Coulomb failure criterion were
derived by fitting the failure curve to the HeBkown failure criterion.-The equivalent cohesion

and friction angle were determined from tHeekBrown failure criterionin order to use the

inbuilt Mohr-Coulombcriteriain ROCMAS.Using such parameters, the modelling results showed
that theravaslimited yielding at the crown of the room, which was in agreement with the increased

observed field macroscopic fracturing at the top of the TSX room.

The natural rock mass heterogeneoudue to the presence of fractures and joints. Discoumtinu
numerical simulators can simulate the discontinuity in jointed rock mass explicitly as opposed to
converting it to an equivalent continuum by adjusting material properties. Theyhualatsi the
largestrain behaviourof damaged rock mass in the ppstak region accurately. The distinct
element code by Itasca can simulate the rock damage by representing rock as particle assemblies
and checking the breakage of bonds between these gawdintler stress (Itasca, 2003). However,
such modelsrelimited in size due to the large numbers of particles needed to simulate even a
comparatively small volume of the rock mass. Big #iso evident that only part of the rock mass

is needed to simuta using the discontinuum approach as most of the other parts will not behave
in largestrain and pospeak failure region. For example, for predicting EDZs, only the area near
the tunnel circumferencis needed to simulate using the discontinuum modedse on this
observation, Itasca also developed a coupled, -firaensional, continuum/discontinuum

modellingapproach (Fabian et al., 2007).

The new model was called Adaptive Continuum/Discontinuum Code (AC/DC) which was based
on the use of a periodigstonthruum oO0base brickdé for which more
equivalents were derived. Based on the amount of strain in each part of the model, the AC/DC
code can dynamically decide the appropriate type to be used for that part of the model. This
approach was used to predict EDZs for an underground excavation laboratory at the Bure site of
French nuclear waste agency, ANDRA. The EDZs were predicted after 2 yeatsavhtion
construction in the modeThe results of the study showed an increasaiano-cracks over the
given period of time. The numbers of connected maraxks were decreased after placing the
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liner. However, the liner did not stop the generation of new ruraoks with time. After 1 month
the depth for connected mieopacks wasdund to be 40 cm. Localization of miecoacks was
observed along theinor principalstress directin, the number of cracks increased wtithe,

producing a welconnected fractured medium.

Dadashzadeh (2020) used the 2D Voranodellingtechnique usingJniversal Distinct Element
Code(UDEC) (Itasca, 2014) to characterize the EDZs evolution by explicitly simulating the grain
scale fracture propagation at the excavation scale. The simulation was carried out for a circular
excavation located in the Cobgurmestone and granitic rocks. The EDZs were delineated based
on the fracture density and their evolution around the tunnel. It was observed that plastic strain
value may not be a good indicator to determinehtigaly damaged zone (HDZhowever the

strain gradient can still be used to determine the HDZ depth. Furthermore, the extent of EDZi can

be determined using the volumetric strain values.

Lisjak et al. (2015) used the hybrid finitéscrete element method (FDEM) (Mahabadi et al., 2012)

to simulatethe EDZs for a circular excavation located in clay at the Menti Rock Laboratory

located inSaintUrsanne, Switzerland@he FDEM combines continuum mechanics principles with
discrete element algorithms to simulate multiple interacting, deformahildraaturable solids.

The numerical values of EDZs for a migxonel from the numerical models were compared with

the field observations. The effect of backfill swelling pressure on EDZs was simulated by applying
a compressive mechanical load perpendragidhe micretunnel surface. The circular tunnel and

the surrounding zone of interest were discretized using linear elastic triangular finite elements and
between each pair of triangular elementapdied interface elements were inserted to capture the
progressive failure of rock using a fracturing criterion. The progressive failure of the rock was
captured using the cohesizene approach. The resuttsnfirmedthe field observatiothatdue
shearing of the weak bedding planeaswriggeredaround an usupported excavationt was

shown that the compressive mechanical loading was ineffective in the sealing of EDZs because of

theself-propping (arching) of fractures that formed during the rock mass damage process.

Perras and Diederich (2016) used a mgeeeral approactiermed asDamagelnitiation and

Spalling Limit (DISL) (Diederichs, 2007)to determine the dimensions of EDZs around circular
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excavations. They used the combined weakehargening approach for the brittle rocks. The
approach was baseuh the conceptual model of brittle spalling represented by cohesion loss and
friction mobilization (Hajiabdolmajid et al., 2002; Diederichs et al., 2004). The appwash
applicable for massive and moderately jointed rock mass where the joints do rfatasitin

affect the stresdriven behaviour The method captures confinement dependency of the brittle
spalling process by defining the Adamage init

transitioning to a s ptadfrictiomagd alcohesionlass.def i ned b

To simulate this process, the cohesion loss was represented by the loss in the value of s while
friction mobilization was represented by an increase in m in Hyelvn failure criterionHere

m and sverematerial constatsthatcan be determined from the triaxial tedtsis process shows

that as confinement increases, away from the excavation surface, strain harslsmmgated

after initial damage while at lower confinements brittle weakersisgnulated. It waslaserved

that positive (dilatant) numerical volumetric strain correlated with measured regions of connected
micro-fractures around underground excavatigherefore, the zones within the plastic region

with positive volumetric strain represented EDZi. Teenaining zone in the plastic regiamas

considered to be the EDZwhich contains zones that have undergone volumetric contraction.

Radionuclides can transport through the connected rfiactures present in the EDZi, escaping
the engineered and natutadrriers. To disconnect and seal the connected fractarestoff
structurewasconstructed and filled with backfill material.

2.3 Cutoff Seal

Room seals or cutoff seasea type of engineered barrier placed at strategic locations, for example
in shafts, acess adits and at the end of the fuel placement rdonsgal the repository. A cutoff

is an excavation constructed around the drift or shaft, wtactbe filled with bentonite or other
sealing material. Its constructed perpendicular to the excavatiois to prevent the potential
migration ofradionuclideand water flow through thEDZs parallel to the room axis. According

to the SKB, the life cycle of a cutoff seal would be until the final closure of the repository and its
purpose would be to cut afie water flow andadionuclidetransport along the tunnel (Dixon et

al., 2009).
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2.3.1Cutoff Seal in Mining and Other Industries

Open geological excavations can be detrimental to the environkRmeréxample, inadequately
sealed mine adits may allow unaccepaatischarge of acid mine drainage. Sealing strategies in
mines varydependingn the purpose of sealing. One purpsde seal the abandoned parts of the
mine workings so that mining can be continued uninterrupted elsewhere. By sealing these
openings, weer inflow is reduced to rates that can be handled using the dewatering pumps at
sumps. Kirkwood and Wu (1998hd Barcena et al. (2008)scussed the philosophy and approach

to seal the construction in coal mines while Fuenkajorn and Daemen (1995) ah{L996)
discussed more generic issues related to sealing performance and sealing approach.

Barcena et al. (2005) described the neetiydro-geologicalassessment to identify homogeneous
rock mass without any structural features such as fault, fisduedde or soft materials in the
surrounding zone of the cutoff seal, with the length of the undisturbed zone being 3 times the
length of the cutoff seal. Reinforcement of the cutoff seal and anchoring it into rock without
causing stress conditions thavér flow along or close to cutoff seal was also recommended.
Akgun and Daemen (1999) analyzed the design aspects of friction seals for abandoned
underground mines. The stability of these seals was determined based on the shear and tensile
strength of thecontact between rock and cutoff seal in a borehole. They noted that the friction
seals with a length to radius ratio of at least 8 should be considered reliable for the stability of the
seals. Auld (1996) explained tunnel sealing applications and contgderia detail. He idetified

4 types of sealsHg. 2.2) and 8 factors to be considered in the design of seals. The important
factors to consider while designing a cutoff sesd 1. The type ofcutoff seal 2. Naure of
excavation 3. Cutoff seal location4. Shape of theutoff seal 5. Hydraulic head conditigr6.

Local rock and stress condition Strength and stress conditiongiroff seal and,8. Cutoff seal

construction method.
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Fig. 2.2 Generic cutoff seal shapes (Auld, 1996). (a) Reinforced concrete slab; (b) Unreinforced
concrete arch; (c) Unreinforced concrete tapered cutoff seal; (d) Unreinforced concrete parallel
cutoff seal; (e) Unreinforced concrete cylindrical parallel cutoff seal, with human access; (f)
unreinforced concrete cylindrical parallel cutoff seal, with roadway access.
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Littlejohn and Swart (2006) noted that residual water tightness for the seals it application

in the mining indusy was 1toc p 11 m/s whichwasmuch higher than the requirements of
typical cutoff seal needed in underground nuclear waste repositories. Littlejohn and Swart (2006)
also noted that these seals have a higher leakagiehmtever, they did not exgence any
structural failure. Several research papers can be found on the design of seals for South African
underground gold mines, for exampBrawner et al. (2005Bruce et al. (2006), Littlejohn and
Swart (2006), Robert M (2006). These papers oudlitne design of a cutoff seal under a high
hydraulic head (up to 28 MPa). Harteis et al. (2008) developed guidelines for permitting,
constructing, and monitoring water seals in underground coal mines in the United States. Water
seals have long been use@ssure the safety of miners using water retention in mines (Djahanguiri
and Abel, 1997; Pacovgk1999). Masumoto et al. (2007) presented a technique for clay grouting

to seal the excavation damage zone surrounding a water cutoff seal.

In high head hydrelectric facilities the rate of water supply to penstocks and turlsinestrolled

using seals. The seaseinstalled at the entrance to penstocks in unlined tunnels to ctimgrol
water supply (BergiChristensen, 1989; Auld, 1996). The semlsmadeof concrete and have
perforation at the center to control the rate of water supply by mechanically opening and closing
it. These sealaredesigned to withstand water pressure up to 900 m head unlike the seals in the

repository whichareexpected to haveome watetbearing feature.

Underground natural gas storage caveresused to store and stockpile critical hydrocarbon
supplies closer to the market. These facilibesgenerally located in abandoned underground
mines which can sustain substantial pues e.g. 12.5 MPa (Pacovsky, 1999) at which the natural
gasis stored.As a part of the conversion of the Wilhelmi@arlsgliick Mine, Germany for crude

oil storage, seals were placed in the two shafts at the base of the tubbing section (Klemme,1979).
Thetrapezoidshaped concrete cutoff seal was anchored into an excavation made along the shaft
lining. Pacovsky (1999) explaingtie design aspects of a cutoff seal located 950 m below the
ground surface in the granite rock mass. The cutoff seal was coedtusihg fibereinforced
shotcrete to increase stability. Two of these saadsstill in working condition without any

significant structural damage (Hydrocarbons Technology, 2020).
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In December 2001, UBCERMS installed a mine cutoff seal in a mine dfdr mine water
management (Meech et al., 2006). The cutoff seal was designed to seal the facility for 1000 years
and was given the name AThe Mill ennium Seal Pr
common features with the repository cutefkbecause of its lifecycle and ability to seal the water

inflow. It was constructed with concrete in combination with a-tlaged seal in downstream. The
clay-based cutoff seal was designed to retard any seepage of water around the concrete seal. Water
seeped through the concrete was collected mechanically and the cutoff seal was designed to have

a seepage rate at least equal to or less than the surrounding rock.

The main purpose of sealing in mining and other industsgs prevent the water flow in
excavations as described in this section. These seals may not be suitable for underground nuclear
repositories due to strict requirements on the movement of wateadinduclidescross the seals.
For nuclear waste repositories, the main purpose ofutodf csealis to seal the excavation with a

permeability equal to or less than the permeability of thstinrock mass (Dixon et al., 2009).

2.3.2Cutoff Seal in Deep Geological Repositories

Room, tunnel, and shaft sealing field experimentation had beendcaati®y different countries,

for example, Sweden, Belgium, Canada, Germany, Finland, Netherlands, and Switzerland.
Swedish Nuclear Fuel and Waste Management Company (SKB), developed two large research
facilities at STRIPA Mine (1980992) and Aspo Hard R& Laboratory (1992015) to
understand the sealing process in repositories (Fairhurst et al., 1993). The STRIPA mine project
was the first underground research facility for engineering demonstration of cutoff seal
performance in granitic rock. The STRIPAne was an abandoned iron ore mine that provided

access to the adjacent granitic rock (Fairhurst et al., 1993).

Gray (1993) and Gnirk (1993) summarised all the important findings from this project. The first
experiment known as the Tunnel Sealing Expernitwas constructed in a 35 m long tunnel using

a controlled drill and blast method to limit the excavation damage zone (EDZ). The cutoff seal
consisted of a 2.2 m long concrete bulkhead seal and a 0.5 m long gasketgsj@f hghly
compacted bentonitgig. 2.3) (Gray, 1993). The hydraulic conditions in the rock surrounding the

tunnel were that a hydraulic pressure of 1 to 1.5 MPa was present within 3 to 5 m of the excavation
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surfaces. The rock surrounding thetaff seal was not homogeneous and contained structural
features such as joints and fractures intersecting the excavation at and around the cutoff seal
location. The main purpose of the experiment was to analyze the performance of HCB gaskets
(Gray, 1993)The operational phase for this experiment was 21 months and hydraulic pressure in

the chamber was cycled several times during the operation phase (Gray, 1993). It was observed
that seepage occurred through the jointed rock along with the concrete mékcet The flow

rate was found to be 75 L/hr at a hydraulic pressure of 35 MPa and it could have been 1000 L/hr
without HCB gaskets (Pusch et al ., 1987b) . Tt
self-grouting process to isolate the seepage alomgitbavation face and concrete cutoff seal face.

SKB also carried a Shaft Sealing Test inside a 14 m long taperedSga#4) at STRIPA Mine

(Pusch et al., 1987a and Gray, 1993). Two tests were carried eulitbnonly concrete cutoff

seal andhe second with concrete cutoff seal and keyed HCB. In the first aas®page rate of

8-9 L/h was noticed at a hydraulic pressure of 100 kPa. Most of the seepage occurred through the
geological features that spanrtéeé concrete and were exposed to excavation walls (Pusch et al.,
1987a). The second test was conducted at the same location as the concrete test, however this time
with aconcrete cutoff seal and keyed HCB. The seepage rate of 0.3 L/hr was noticedratibchyd
pressure of 100 kPa. The bentonite cutoff seals expanded into the geological features and reduced
the seepage rate. The shaft sealing test showed the effectiveness of bentonite in reducing the flow
of water along the walls of the shatft.
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SKB also developed the Aspo Underground Research Laboratory for developing and testing
technologies that will be used in the underground nuclear waste repository. The Backfill and Seal
test (BPT) was carried out 420 m below the ground surfacar{arsson et al., 2002). This test
consistedf theinstallation of a 28 m long cutoff seal systdmatwas divded into three sections

(Fig. 2.5). The innermost section was backfilled with bentonite materiafigfrent compositions.

The second section was backfilled with crushed rock and bentagligesp The third section
consisted of a concrete structure to provide the necessary support to backfill material and hence
allowing it to develop its swelling poteati The concrete cutoff seal also had the purmdse
retardingthe seepage of water from the excavation and concrete interface. It was observed that at
a hydraulic head of 530 kPa the seepage rate was 0.75 L/min.

Old part excavated %?rﬁ\’g%nite
by normal blasting Blocks 20/80
New part excavated 22m Bentonite blocks bentonite/crushed rock

A and bentonite pellets
by careful blasting P

AT A2 A3 AL A AB

ik / 30770,
28 m

X
\ \30/70 Cr&ed rock j\

bent./crushed rock
Concrete wall Concrete Plug

Drainage
material

’

Permeable layers
Fig. 2.5 The conceptual diagram of the Backfill and Seal Test. (Gunnarsson et al., 2002)

SKB also carried out a Prototype Repository (PR) test to simulate trecéld deposition tunnel
(Lydmark, 2010) For this test, 6 vertical emplacement holesendrilled in the floor of the tunnel
andinstalledwith electricalheates of the same size to simulate heateated from nuclear fuel
(Fig. 2.6). The deposition tunnel consisted of two sectiomsne sectiod heates were installed,
while in the second sectiom2ates were installedKig. 2.6). The two sections were separated by
a cast concrete cutoff seal and one other seal was installed at the end of the tisve@gbefiment
provided an opportunity to study the thermechanical response of the cutoff seal in the

repository. Beyond the cutoff seal, the tunnel was backfilled using 30980/béntonite and 70%
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crushed rock aggregate, compadieditu. It was notedhat due to the connection between the
closed PR tunnel and nearby two perpendicular tunnels (I, J+) and one parallel tunnel (G), water
pressure in the PR tunnel was reduced te=3IDkPa. This condition could be present during the
placement condition ithe actual repository. A seepage rate of 2 L/min was observed for the PR
tunnel at a hydraulic pressure of 500 kPa while seepageafateL/min and 3.5 L/min were
observed at tunnel G andréspectively

Seclion 1 Seclion 2

AR

I 13m 6m | 6m | 6m . 9m 9 m 6m . 8m

e

Fig. 2.6 The conceptual illustration of Prototype Repository Test for the cutoff seal (Lydmark,
2010).

The Dome Seal (DOMPLU) experiment was undertaken by SKB and Posiva at the Aspo Hard
Rock Laboratory (Aspo HRL) in Sweden (Enzell and Malm, 2019). Thectibg of this
experiment was to understand the strength, shrinkage, creep, and binding properties of rock and
its interaction with concrete without any reinforcement of the concrete. It was conducted inside a
4.2-m-high and 4.2m-wide horsesheshaped tunel (Fig. 2.7). The design consisted of an
unreinforced concrete dome with a watertight cutoff seal, a filter layer, and a backfill transition
zone located upstream of the concrete cutoff seal. The filter layenekaded to avoid high water
pressure on the concrete dome before it reaches its full strength. The concrete dome was excavated
using the wire sawing technique to minimize the extent of EDZs. The cutoff seal system was
subjected to 4MPa at its upstream .dndtially, the pressure was designed to be 7MPa; however,

a leakage through a rock joint occurred after 7MPa. Therefore, it was decided to monitor the cutoff
seal leakage at 4MPa. The measured leakage rate across the cutoff seal was very low, which
showal that the contact grouting seal provided a watertight cutoff Eealbentonite cutoff seal

was swelled and compressed the gravel filter, and the pellet filled the slot inside the LECA wall.
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The full-scale test showed that the uniform saturation of Inéetalid not progress rapidly to act

as a watertight cutoff seal in the initial phases of the experiment.

Water leakage
measurement

BETONGKUPOL / CONCRETE DOME - 179CM (centre)
BETONGBALKAR / CONCRETE DELIMITER -30CM
BENTONITTATNING / BENTONITE SEAL -50CM
MACADAM FILTER -30CM

LECABALKAR / LECA BEAM DELIMITER -30CM

© ATERFYLLNADSBLOCK / BACKFILL ZONE -100CM

© BETONGVAGG / CONCRETE WALL -50CM

Fig. 2.7 Schematic section of the DOMPLU full-scale test carried out Asp HRL (Enzell and
Malm, 2019).

Posivads SEAL (POPLU) experiment was undertak
ONKALO Underground Rock Characterisation Facility (URCF) in Finland, whiakalso the

proposed site for the future Finnish Nuclear Waste Repository (Holt and Koho). 2016

reference design for the POPLU experimenats the same athat of DOMPLU experiment as
describedpreviously However, POPLU has a wedgkaped cubff slot that has &en notched

into the EDZ Fig. 2.8). The $ot was filled with avedgeshaped lowpH (lower than 11}ktainless
steetreinforced concrete structure. The slot was constructed using the wedging and grinding
method instead of the wire sawing method. The westhggoed concrete structure was attached to

a filter layer in front of the oncrete tunnel back walF{g. 2.8). The concrete wedge was also

equipped with bentonite circular strips and grouting tubes at thecaulrete interface to ensure
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water tightness. el reinforcement was used to counteract the shrinkage of bentonite and keep it
attached to the rock tunnel. Analytical and numerical simulations were used to better understand

the static and dynamic stress evolution, and water flow in different compafi¢héscutoff seal.

The results showed that the addition of bentonite beti@doncrete wedge would increase the

water tightness of the cutoff seal. The numerical results showed that the water outflow from the

concrete wedg&vas reduced by a factor @7 to 1380 when using a bentonite cutoff seal. The

modellingresults also showed that no leakage would be expected after using the béhitagste

to seal the potential defects at the circumferential concoete mass interface. From the

mechanical intgrity point of view, a maximum displacement of 3 mm was expected on the side

of the concrete wedge facing the pressurization and the surrounding rock mass in contact with it

while a slightly higher displacement of rock could be expected in the proximitsadéires. The

study concluded that the concrete wedge can be expected to deform more than the rock in response
to pressurization and the concrete wedge deformation may be asymmetric due to the heterogeneous

nature of the surrounding rock mass.
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Cast concrete containment wall

Swelling clay core

Breakouts

Support wall blocks

Test Box
Fig. 2.9 Conceptual design illustration for the ANDRA FSS test, France (Noiret et al., 2013).

The French underground research laboratory (URL) at Bure carried out t&cEldlExperiment

(FSS) to demonstrate the industrial capacity to satisfactorily emplace largeegoddirooncrete

and bentonite material for the cutoff seal (Noiret et al., 2013). The cutoff seal was composed of a
swelling clay core with two low pH concrete containment seals, one at eackignald). The
remahing part of the tunnel will be backfilled using the excavated material. Thin groves were
excavated at strategic locations along the tunnel liner and filled with bentonite, providing an EDZ
cutoff. The main difference between the FSS experiment and thed ectoff seal in the repository

was the length of the cutoff seal. The length of the cutoff seal in the actual repository condition
would be longer than in the experimental condition. The experiment was designed to address
material requirements using rixes of bentonites pellets and powdered swelling clay core for the
efficient filling of the core volume. LowwH (pH<11)concrete was used to limit the interaction

between the concrete and clay core for preserving the core properties.
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The experiment wasportant to understand the selfo mpact i ng concreteds (S

to the ambient temperature and the need to control bentonite pellet breakage during the
emplacement of bentonite mixture.

I Shaft support foundation

I 345,0m
Support rings

349,5m

Long-term sealing element

Exploratory |evel e

Emplacementlevel ————p|

Fig. 2.10 Reference conceptual design for the German shaft seal. The elements considered in
the safety assessment are framed in red (Muller-Hoeppe et al., 2012). The Gorlebenbank is a
folded anhydrite layer in the rock salt.

Tests for seals in the vertical shafBntwicklung von Schachtverschlusskonzep{&bSA)
experimentwas carried out byrechnical University of Freiburg and associated partners (White
and Doudou, 2014). The main objectives of the ELSA experiment were to develop generic design
concepts for shafteals in the salt and clay host rocks that comply with the requirements for a
high-level waste repository and to carry out necessary preparatory work in the shaft cutoff seal
design projectThey investigated the sealing capacity of salt concrete cutaff dlements and
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surrounding rock salt at the laboratory scd#ligy(2.10). The results showed that the permeable
contact seam between the cutoff seal and the salt would not be closed in short term; however,
confining stress of 5 MPa would be sufficient to stop brine flow along the cutoff seal element.

To test the effectiveness of drift cutoff seals, a rectangular test cutoff seal with dirséh8ion

by 3.5 m and 5 m in length was installed in ay8arold potashmine drift in Sondershausen,
Germany (Sitz et al., 2002). The cutoff seal was installed in the Potash mine drift located at 700 m
below the ground surface. The integrity of the seal was tested by apppressuref up to BMPa

to one side of the cuto$ieal using a brine solution. The cutoff seal was constructed using bentonite
and sand blocks, mixed in proportion 40 to 50% bentonite andnmgmgairoportion as sandérig.

2.11). In order to cut off the EDZs, twactangular slots were constructed and filled with the
bentonite clay and sand mixture. To provide mechanical support to the cutoff seal a prismatic shape
saltbrick block was constructed in the downstream face of the cutoff seal. Seepage rates at a fluid
pressure of 1.5, 2.5, 4, and 8 MPa were monitored. Unfortunately, the system was failed after the
pressure of 1.5 MPa due to the failure of the restrain system, and higher seepage rates were
observed. At 1.5 MPa a seepage rate of 3 L/h was observed whigaskd to 0.45 L/hr within

30 days (Sitz et al., 2002).
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Fig. 2.11 lllustration of different components of the Tunnel Sealing Test in salt (Sitz et al., 2002).
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TheUndergroundResearch.aboratory (URL)ocateal near the Whiteshell Laboratony Pinawa,
Manitobawas built and maintained by Atomic Energy of Canada Limited (AECL) between 1983
and 2004 (Chandler et al., 2002a, b; Dixon et al., 2005). During this time, the URL conducted two
field experiments for séiag the underground openings. Tunnel Sealing Experiment (TSX) and
the Composite Seal Experiment (CSE) were carried out for drift sealing. The TSX was carried out
to study the performance of concrete and bentonite bulkheads and to determine the imgirtance

di fferent parameters on bul kheadbs performanc

The TSX was carried out in a drift constructed using drill and blast method and located at 420 m
level of the URL. The TSX consisted of two bulkheads, one madbéearftonitesand block (70%
bentonite and0% sand) and the other made of {pit, low-heat, highperformance concrete
(LHHPC). The two bulkheads were separated by a-fied chamber which ould be
pressurized up to 4.2 MP&i@. 2.12). Hot waterwas used for circulation in the chamber to
understand the effect of temperature on the performance of the bulkhead. To cut off the EDZ both
the bulkheads were keyed into the walls of the drift. The clay bulkhead was 2.6 m long and located
in a 3.5m-high and 4.35-m-wide tunnel. The length and width of the keyed part of thkhead

were 1m and 2m, respectively. To provide mechanical support to the clay bulkheateel

restraint system was used.

A high seepage rate was observed through clay bulkhead dbengitial stages of bentonite
hydration and pressurization. The high seepage rate was relatively for a short duration and did not
involve any bentonite clay in the outflow. The high flow during the initial phases was attributed to
discrete flow planes ithe rock that gradually closed when the clay was hydrated. The bentonite
clay bulkhead did not have any considerable seepage after 8 months and the flow rate continuously
decreased after 8 months. At the time of decommissioning of the experiment, thratdomas
reduced to 0.7 L/h at a hydraulic pressure of 4 MPa and most of the seepage was occurring along
the perimeterAt the other end of the drjfa 3.5m-long concrete bulkhead was keyed to a depth
of 1.75 m into the drift wallAlthough itwasa low-heat concrete, LHHPC does generate some
heat during curing and so it was anticipated that at least a small degree of cooling shrinkage would
occur. Cooling shrinkage could lead to shrinkage cracking or loss of contact strength between rock
and concrete. Athe initial stages of the experiment, a high seepage rate (96 L/h at 300 kPa
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hydraulic head) was observed, and therefore, grouting was used. The grouting was used to improve
the surrounding rock mass condition and to improve the contact strength betw&eand
concrete. After grouting, the rock mass condition was improved and a seepage rate of 0.07L/h at
400 kPa pressure was observed. While a seepage rate of 0.84 L/h at 4 MPa was observed at the
end of the isothermal stage of the TSX. The experiment dstmaded that thbeat fromthe hot

water used for pressmation did not have a significant effect on the performance of both the
bulkheads.

Keyed Concrete
Bulkhead

Keyed Highly Compacted
Clay-Block Bulkhead

Sand Filler

Sand Filler Pressure Supply

and Withdrawal
Highly Compacted Headers
Steel Plate Backfill (from room 415)

Steel Support

Fig. 2.12 Schematic diagram for the Tunnel Sealing Experiment designed to understand the
performance of concrete and bentonite cutoff seals (Chandler et al., 2002a, b).

The composite seal experiment (C$Martino et al. 2003)vas installed athe420 m level of the

URL in a 6 m deep and24 m diameter borehol&ig. 2.13). The cutoff seal consisted of a 0.3
m-thick highly compacted bentonisand mixture (70% bentonite and 30% sand), overlain by a
low-heat highperformance concrete. A layer of compacted,-swerlling backfill was placed
between concrete and bentonite/sand mixture. To stop clay from moving towards the backfill, a

layer of geotextile was also laced between them. Underlying all these components the remaining
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1 m of the borehole was filled with sand to be used lagdeaulic pressurization chamber. The
LHHPC concrete component was poured at the top of the clay block without any reinforcement.
The concrete cutoff seal relies entirely on the contact strength between rock and concrete for
mechanical support against tvater pressure. Steel pingrekeyed in the walls of the borehole

to give mechanical support to the concrete in case the contact strexsgtot sufficient, and the

concrete cutoff seal moves upward. The clay layer was found saturated after 1 yearsaepage

rate was decreased from 0.0024 L/h to approximately 0.0015 L/h under a hydraulic pressure of
2.35 MPa. The seepage rate was decreased due to the hydration of clay and increased pressure

between the clayock interface.
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Fig. 2.13 Conceptual diagram for different components of the CSE (Martino et al., 2003).
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2.3.3DGR Perturbations on the Design of Cutoff Seal

Evolution of excavation damage zone around placement rooms and cutoffs will depend upon
repositoryperturbations of different loading conditions such as used fuel container thermal history,
glaciation, low probability strong ground motion earthquakes, and rock mass strength degradation

with time.

The DGR at the depth between 500 to 1000 m would leetaff by glaciation in terms of the
increase in stress due to the weight of the ice sheet, increased frequency of earthquakes, and
changes in the groundwater and geochemistry. Glaciation induced earthquakes will mainly occur
along fault areas, locations wfhich should also be taken into consideration in the DGR site
selection process (Frank, 2018). Although the seismic performance ofiPdter than the

surface aboveground structures, however, given the long life of a repository and strict safety
requirements iis important to consider the impacts of seismic events of different intensity on the
long-term stability of the repository. The seismic analysis of any repository requires major steps
such as determining the ground motion parameters at a cgefatim and evaluating the complex
dynamic interaction of containers with the midérrier environment. Kalab et al. (2017) used the
necdeterministic method as an extension of the probabilistic method to evaluate seismicity and
the impact of seismic effect on t he Czech Republicdéds deep ge
wavefield excited by the particular seismic event and the corresponding maximum seismic load
wasevaluated. RadakowiGuzina (2015) carried out a logrm stability analysis to evaluate koc

mass damage for the proposed Canadian DGR under a seismic load of 0.5g faeenaegurn

period (1 million years) earthquake. Radake@igzina (2015) also considered a load of 3 m thick

ice sheet on the repository model to simulate the effect wfefigiaciation.

The timedependent strength degradation of rock depends on stress intensity, chemical
environment, temperature, and microstructure (Tuokko, 1990; Hagros et al., 2008). Eloranta et al.
(1992) observed that the tirtlependent effects on goqdality rockswereinsignificant, however,
in DGRs, looking at the long timscale and complex thermiydromechanicathemical
environment, these effects may be significant. The effect of strength degradation on rock mass

damage can be analyzed by coesiag the crack initiation stress as the ldagn strength of the
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rock mass for design considerations (Damjanac and Fairhurst, 2010; Itasca 2011; Nickiar and
Martin, 2013).

One important aspect of DGR design consideratdreat generated from the spentclear fuel.

The Canadian DG designed to have a maximum temperature of°@08ét the surface of spent

fuel canisters (Guo, 2017). The heat from fuel will affect the mechd®ebaliouiof rock (Ranjith

et al., 2012)For instance, the expansion aith rock and pore water will induce additional tensile
stresses in the host rock mass. The thermal expansion in the rock will also change the existing
hydraulic gradients in the rock masghich will eventually affect the quantity and direction of
flow of water altering the advective transport of wdierne radionuclides (Dixon et al., 2002).

The performance of the engineered bansealso dependent on the temperature of the canister.
The heat from the spent fuel changes the moisture content in thegsealierial which causes a
change inthermal parameters. Researchers have carried out physical and numedetingto
analyze the effect of temperature on moisture migration and buffer drying (Dixon et al., 2002;
Gens et al., 2002; Hokmark et al., ZQGuo, 2011). The thermal load from gEent fuel canister

also influences the rate of canister corrosion (King, 2013). Both-thmeensional and two
dimensional analyses were carried oujsantifythermehydromechanicabehaviourof DGR at

far- andnearfield scales (Mathers, 1985; Tsui and Tsai, 1985; Baumgartner et al., 1994; Park et
al., 2000; Hokmark et al., 201Guo, 2017. SKB carried out théspdpillar stability experiment
(ASPE) to determine the effect of induced themmechanical stress dhe excavation damage
zone both at the micraand macrescopic levels. Blaheta et al. (2013) analyzed the effect of
temperature and confining stress on damage in the pillanyvasdble to predict the location of
damage zones. Rinne et al. 2013 simultéhedemperature evolution in the pillar and showed the
fracture propagation in the pillar due to thermechanical stress using FRACOD. Koyama et al.
(2013) used patrticle flow code to simulate the crack propagation in the pillar during the excavation,
pressurizing, and heating proceligs evident from these studies thatat from nuclear fuel can

influence the excavation damage zones and eventafédigtthe performance of cutoffeals
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2.4 Research Gap

The detailed literature review showed that extemsesearch had been carried out to understand
the performancand EDZs foseals in underground nuclear waste repositories using experimental
investigation. Itis evident from these experiments that the saedkeyed into the surrounding

rock mass to dwoff the EDZ. However, the methodology to determine the depth of the keyed part
of the sealss not clearly defined. The depth of the keyed part of the seals depends on the depth of
the EDZi where connected fractur@®present. lis difficult to deternine the EDZi depth in the

field due to the gradual transition between different excavation damage zones. Therefore,
numericalmodelling can be an important tool to determine the depth of the EDZi and the depth of

the keyed portion of the cutoff seal.

The review of literature also showed that although extensive research had been carried out to
understand the performanard EDZs forcutoff seals for underground nuclear waste repositories
using experimental investigatian§hese testsare site-specific, and xperiences from these
projects can not be transferred to other DGR sitesre geological conditions vafsom site to

site. Therefore, numerical modelling can be an important tool to understand the generic
performanceand EDZs forthe cutoff located in dferent geological settings. Whiléew
researchersuch as Perras et al. (201Bplt (2016) and Yuan et al. (2017have numerically
simulated the mechanical behaviouragbarticular shape and dimension of ¢théoff located in a
specific rock type, thistudy uses numerical modelling to develop a generic methodology for
evaluatingeDZi and EDZo for theutoffs with different shape and dimensions located in different
geological settingderras et al. (2015) used a continuum model to predict the degptihiafslot

cutoff based on the depth of EDZi. Based on similar guidelines, in this study, a continuum
numerical modelis used to determine depths of different shapes of cutoffs viz. triangular,

rectangular, and trapezoid based on the depth of EDZi.

Furthermore,the literature review showed that researchers, for example, Guo (2017) used near
field and far field thermal numerical models to understand the thé&ehaliourof the repository.
However, therés a scarcity of numericahodellingstudies for thehermoemechanicabehaviour

of the cutoff. Thereforepumericalmodelling can be an important tool to determine the depth of
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the EDZs and the optimum dimension and shape of the cutoff sedds the influence of heat

from nuclear fuel A conceptual dlimensional thermanechanical finite difference moded
developed to analyze the potential response of the optimum cutoff geometry under hypothetical
repository conditions. The effect thfetemperature of the spent nuclear fuel on the optimum shape

and thedimensions of the cutof$ also investigated.
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Chapter 3: Methodology

3.1 Introduction

This chapter describes the methodology used to study the mechanical andrtiesmimanical
response atfhecutoff. A continuum modebased on the finite difference method using FLAC3D
wasused to simulate the mechanical and themazhanical response of the cutdthe backfill
materialwasconsidered for the thermal model while for the mechanical model the placement room
and cutoffwere considered emptyThe finite element methosofiware COMSOL (COMSOL,
2015)wasused to simulate the thermal response of the cutoff.

In the first step, FLAC3DOwasused to simulate the mechaniteahaviourof a circular shaped
room under different geological settings.eTtepth of theoomvariedin orde to have stress to
strength ratios that cover the typical range a repository might be constructed under. The dimensions
of EDZs for a circular placement room located at different deywtre determined using the

mechanicahumerical model.

In the secondtsep of the study, based on the dimensions of EDZs from the first step, rectangular,
triangular, and trapezoidal shape cutoffsre constructed for the circular placement room. The
depth of the cutofivaskept equal to the dimension of EDZi as this zonelmaa potential flow

path forradionuclidedue to the presence of connected mitactures. A parametric studyas
carried out to optimize the dimension of the cutoffusyngthe criterion that the cutoff should
induce a minimal increase in the preiding EDZi after the construction of the cutoff.
Furthermore, the effect of different variants sashape and orientation of the room, rock mass

properties, rock mass anisotropy on the extent of EDZi was analyzed.

In the third stage of the study, a fmiglement thermal modefasused to determine thmeaximum
temperature in the rock mass surrounding the cutoff. In additiondiménhsional thermo
mechanical finite difference modelasused to analyze the potential response of the optimum
cutoff geometryunderthe heat load ihypothetical repository conditions. The effect of heat from
the spent nuclear fuel on tB#®Zo and EDZifor the optimum cutoffvasanalyzed.
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3.2Model Setup

The Fast Lagrangian Analysis of Continua (FLAC 3D), a software developedebitadta
consulting group, Inc. (Itd€ca, 2012)Wwasused to analyze thextent of EDZi and EDZo fathe
placement room andutoff. FLAC3D is based on the finite difference numerical methiod.
addition,the finite element software, COMSOL was also usedhtterstand the thermal behaviour

of the cutoff.The flow chart with different taske be carried outh order to achieve the objectives

Start |Determine . Optimum dimension| _|Effectof
EDZi, EDZo minimize and shape of cutoff “|different variants
L 7y (AEDZi)
R
Shaft vs Room 4—@— oom =
orientation
Construct circular | |Construct rectangular, Circular vs 4—@—{ Room shape  |e—
placementroom | [triangular and Rectangular
Bedding planes vs <_@_{ -
. Rock t le—
MM = Mechanical model no bedding planes O AmEOTERY

TM = Thermal model Granite, Limestone, 4—@—{Rock nroperties |‘
TMM = Thermo-mechanical model Mudstone

Effect of maximum ( ) Determine maximum @ Heat from
temperature on cutoff temperature at cutoff nuclear fuel

Fig. 3.1 The flow chart with different tasks carried out in order to achieve the objectives. Here
aEDZi is the change in EDZi before and after the construction of the cutoff.

is shown inFig. 3.1.

trapezoidal cutoffs

In general, th&LAC 3D software discretizes the continuous media into polyhedral elements using

a threedimensonal grid to fit the modeled geometry. The equations of moaoethen solved at

the nodes of the grid to calculate displacement and velocities from the initially given stresses and
displacements. New strain ratae derived from these calculated nodalocities. Constitutive
equationsarethen used to calculate new stresses from the strain rates and stresses at the previous
time step. The equations of motiame again invoked to derive the new nodal velocities and

displacements from the new stressed farces. One calculation loagcompleted in a single time
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stepand the loops repeated at every time stéfhe maximum out of balance force for the given
modelis monitored. The force value either will become zero, indicating that the model hagireache
equilibrium or it will become constant, indicating that a portion (or all) of the nmsdglsteady
state (plastic) flow of material. The explicit, Lagrangian calculation scheme and the- mixed
discretization zoning techniqaeeused in FLAC3D to ensutéat plastic collapse and flowere
modeled very accurately.

In past, researchers such as (Hajiabdolmajid et al., 2002; Hajiabdolmajid et al., 2003; Walton,
2019) used FLAC3D to predict the depth of failure around underground openings in brittle rocks.
The commanddriven interface in the software and the FISH scripting language give the flexibility
to modify the conventional constitutive models sucMakbr coulomb failure criteria to model the

complex rock failure process.

3.2.1Mechanical Model

A 3D Finite Difference numerical modalasadopted to simulate the excavation of a circular and
rectangular room with 1 m radius, and 1 m height and wiekpectively as shown Rig. 3.2.
Excavation of the driftivascarried outn 12 stages with each 1 m excavation stage implemented

in the model to determine the stress distribution with excavation advancement. The outer
boundaries of the modelerelocated 14 m away from the room surfaEer the purpose dhe
mechanical modeh shotcrete liner was used in the excavatea tarprovide support for the room
though it was not used inside the cutoff excavation. The liner was only used in the mechanical
model; the thermanechanical model was simulated without the liner. This isalms the
mechanical modelling was a general modelling exercise to predict the EDZs and optimize the
dimensions and shapes of cutoffs for underground excavations while the -tnechanical
modelling exercise was to understand the themmeghanical behaviowf cutoff in underground

nuclear waste repositories.
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Fig. 3.2 (a) Circular excavation and (b) Rectangular excavation used in the numerical model.

(a) (b)

I U 0

(d)
(c)

|
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]
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L e )

Fig. 3.3 (a) Rectangular cutoff with circular excavation (b) Triangular cutoff with circular
excavation (c) Trapezoid cutoff with circular excavation (d) Trapezoid cutoff with rectangular
excavation

First, the numerical modelassolved to equilibrium for eacétage of the excavation without the
cutoff. The dimensions of EDZseredetermined at this stage of the model for the circular room
located in graniteBased on the depth of EDZi, different shapes and dimensions of the cutoffs

were constructed around thercular room. A parametric studyas conducted by solving the
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numerical model with different types of cutoff geometaeslifferent depthso study how their
dimensions and shape can be optimized. Three different types of cutoff geork&irid S\ were
investigated triangular, trapezoidal, and rectangutarpptimize the cutoff geometry aspect ratio

for the circular roonAfter optimizing the dimension and shape of the cutoff, effects of different
variants suclas shape of the room, orientation of the room, influence of rock mass anisotropy, and
properties of the rock masgereanalyzedTo understand the effect of roeshape on the extent

of EDZi for the optimum cutoffte optimum shape and aspect ratio ofcieff wasused for the
analysis of the cutoff for a rectangular shdpeom. Similarly, to simulate the effect of other
variants such as orientation of the room, influence of anisotropy, and properties of the rock mass,
a circular room with cutoffs dhe optimumshape and aspect rati@reused.

The effect of room orientation on the extent of EDZi and EDZo for the optimum cutoff was
analyzed by simulating a vertical room (shaft). The influence of rock amésstropyon the extent

of EDZi and EDZo forlie optimum cutoff was analyzed by simulating horizontal bedding planes

in limestone and mudstone. It should be noted that the horizontal bedding planes were considered
in limestone and mudstone and not in g&aas it is rare to see the bedding planeganite in the

real field scenario. Finally, tanderstandhe effect of rock properties on the extent of EDZi and
EDZo for the optimum cutoff, three rock mass typegranite, limestoneand mudtone were

simulated.

3.2.2Thermo-mechanical Model

Evolution of exavation damage zone around placement rooms and cutoffs will depend upon
repository perturbations of different loading conditions such as used fuel container thermal history,
glaciation, low probability strong ground motion earthquakes, and rock maggisiegradation

with time. One important aspect of DGR design considerasitieat generated from the spent

nuclear fuel.

Different panels of a conceptual repository in crystalline rock containing multiple erestsown
in Fig. 3.4 (Noranha, 2016 The spacing between the adjacent ro@2® m and each room will
contain 20Ccanistes along the length of the room.igtnot possible to simulate all the canisters

explicitly in the repository due to computationahifations.Guo (2017), and Radakov{guzina
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et al. (2015) simulated the far field and near field response of the conceptual Canadian repository
in sedimentary rock and crystalline rocks respectively. For the far field model, the repository was
presented aa block of uniform material with a volume aeged heat source. Due to symmetry,

only onequarter of the repository was modelled. The two panels in the quarter of the repository
weremodeled as 2 m thickplateshaped heat source. The two meters reptelsereight of the

two layers of buffer boxe3.he assumption that the heat load is uniformly distributed throughout
the repository panel in the féield model does not simulate the temperature gradient between
different components of the repository sashcanister, backfill material, cutoff, and host rdak.
understand the thermal response of canister, backfill material, and host rock, a near field model
was also simulated by Guo (2017), and Radak®uezina et al. (2015).

For the near field thermal rdel, the repository was assumed infinitely large and a unii il
the centre of the placesmt room Eig. 3.4) of dimensions shown ifig. 3.5 (a) was simulated.
The neaffield model simulates the temperature gradients inside the panel along -aeotiss
perpendicular to the placement rooadirection,Fig. 3.4, Fig. 3.5 (a)). However, this model does
not simulate the temperatugeadient along the longitudinal directiod-@irection,Fig. 3.4, Fig.

3.5 (b)) of the placement room where cutoff will be located.

In order to simulate the temperature gradient between canister and cutotijdiisrsalyzed the
maximum possible temperature at the cutoff in the longitudinal direciediréction, Fig. 3.4,
Fig. 3.5 (b) of the placement room by simulating multiglenistes in the roomThe maximum
tempeature at the cutoff will occur when there will be 1€nistes (unit cell is located at the
100" canister Fig. 3.4) in the placement room because after100" canisterthe cooling effect
from the rock mass ositle of the panel will be dominatind.o analyze the effect of temperature
on the optimum cutoff, the mapurpose of thermal modelling wascreate representative thermal
history at the rock mass in the vicinity of cutoff by creating a thermal historfasto Radakovie
Guzinabs near f i-@ukimh etralo d0daFpr tiie R@Dthcarkisteiodated(at the
unit cell, Fig. 3.4) at the middle of the placement rooithis model will create a maximum
temperaure at the rock mass surrounding the cutoff and the thermal history from this model can
be used to understand the effect of heat from nuclear fuel on the extent of EDZi and EDZo for the
optimum cutoff.
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To simulate the maximum possible temperature at thaffcand the temperature gradient along
the Y direction, a placement room scale model in COMS@kused For the placement room
scale model, multiplecanistes were simulated in the placement roorantil the maximum
temperaturavasachieved at the cutoffhe effect of the number @fanistes in the room on the
temperature ahe cutoff wasanalyzed by simulating 10, 50, and 1€¥histes in the placement
room. The X and Z dimensions of the numerical medae10 m and 2500 m, respectivelyig.
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Fig. 3.4 Proposed layout for an underground nuclear waste repository in crystalline rock for 4.6
million spent nuclear bundles (modified after Radakovic-Guzina et al. (2015)).
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Host rock

2500 m

2500 m

Fig. 3.5 (a) Near field thermal (unit cell) model for an infinite repository (b) thermal model with
100 canisters in the room used in this study. Both figures are not to scale.

The geometries esl for the near field scale thermal model and placement scaie modeére
shown inFig. 3.5. After determining the maximum temperature from the thermal analysis in
COMSOL, FLAC3Dwasused to carry out the therrmechanical analysis of tlextent of EDZi

and EDZo forthe cutoff. Due to the high computational time for the thermal model in FLAC3D,
the maximum possible temperature at cundEdetermined using COMSOL using 16énistes.

Only 1.5canistes wereusedin FLAC3D for the thermamechanical model, however, the power

of eachcanisteiwasincreased to match the maximum temperature at the cutoff from the thermal

modellingof 100canistes from COMSOL. The variation of singlamister powetrs shown inFig.
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3.6 (Guo, 2017) For the thermanechanical model in FLAC 3Dhé repositorywas considered

infinite in the X direction similar to Guo (2017) to generate the maximum possible temperature at
the cutoff. In the Y directio, only 1.5canistes with increased pow&rereconsidered to minimize

the computation time. Furthermore, to understand the variation of temperature with the canister
power in FLAC3D, the power of a singbanisterwasincreased by 6, 12, 15, and 18 tintes
generate a range tifermal historiegncluding thethermal historyat the cutoff tip observed from
thethermalmodel with 10Qcanistesin COMSOL

For the thermeamechanical model, a 3.2 m wide and 2.2 m high rectangular placement room with
trapezoidalcutoff, located 500 m below the ground surfacas numerically modeled using
FLAC3D. The X, Y, and Z dimensions of the numerical modele10 m, 20.25 m, and 1000 m,
respectively as shown Fig. 3.7. A simplified model containing 1.8anistes and a single cutoff
structurewas considered. The canistengere modeled as enclosed in buffer blocks and the gap
between thenwasfilled with dense backfill. Initially, the modekas solved without a cutoff
excavation to dermine the EDZi depth due to the room excavation and this degstthen used

as the cutoff depth with an optimum aspect ratio for subsequent modelling. In a second step, a
mechanical model with a cutoffassolved and thisvasfollowed by a coupled theroamechanical

model to evaluate the effect of temperature on the cutoff.
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Fig. 3.6 Variation of single canister power with time (after, Guo (2017)).
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LEGENDS

e Host rock
I Concrete
I Highly compacted bentonite
I Dense backfill
I Gap fill bentonite
I Buffer block
I UFCs
® Point_1

Fig. 3.7 Geometry of (a) room and host rock and (b) backfill material used in the numerical
model to simulate the thermo-mechanical response of cutoff. Point_1 represents the
temperature monitoring location. Backfill material was illustrated for the thermal model only and
the room was considered empty for the mechanical model.

The thermal strainsvere evaluated after each time step of 2000 seconds. The coupling of the
thermal and mechanical modedas done at an interval of 1 year to enhance computational
efficiency. Therefore, the mechanical modehssolved to equilibrium after adding thermal strains

at an interval of 1 year. Backfill material inside the placement reasonly simulated for the
thermal model, itwas not included in the mechanical model. As explainedote, it was
computationally impractical to include all the canisters that would be in the proposed repository
design into the numerical model at the scale being investigated. The variation of a single canister
power (P) with timewas taken from Guo (20)7but because of the difference in modelling

strategies, the increased power apprasastaken in the current work.

3.3 Constitutive Model

For brittle rocks, the evolution of strengttring loading or excavation advancemesas observed
(by Martin and Chaner, 1994; Hajiabdolmajid et al., 2002; Hajiabdolmajid et al., 2003;

Diederichs, 2003, 2007; Hoek and Brown, 1997) based on laboratory and field investigations of
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hard rocks. It was concluded that the cohesion of rock decreases with inelastic straithdue to
initiation and propagation of cracks. Initially, the friction angle increases with inelastic strain
reaching anaximumvalue in the postailure region and then becomes constant. Interestingly, the
friction angle increases even after tmaximum strengh until a welldeveloped macroscopic
failure surfacevasformed The idea of cohesion loss and friction gain comes from the research
by Schmertmann and Osterberg (1960) on soils. They suggested thaistleesequential
mobilization of the friction anglewhile thereisa gain in cohesion reaching the maximum value
and then a loss in the cohesion whiesoil issheared. The cohesion increases with strain reaching

a maximumvalue, where almost negligible frictias present, and then decreases to become
residual. A similar pattern was observed for friction which increases initially reacmagimmum

valug and then reduces to a residual value (Schmertmann and Osterberg, 1960). These
experimentsverecarried out on saturated clay with a high void ratid stnong plastibehaviour

which may not be applied for the rocks with low void ratio and goiatie behaviour Martin and
Chandler (1994) observed that cohesglost whenfriction is mobilized based on the assumption

that the total strength of theak mass varies little with rock fracturing damage. Later this approach
was called cohesion weakening and friction strengthening (CWFS) and numerically used by
Hajiabdolmajid et al. (2002)Diederichs (2003, 2007) proposed that brittle failure around an
excavation can be simulated by a combined weakesirengthening approachkimilar to that of
Hajiabdolmajid et al. (2002 his approach was designed to use in the software, especially finite

element that did not allow the mobilization of peak and resstoahgth with inelastic strain.

It is important to simulate the correct evolution of stress and strength bfittierock mass as a

result of excavation. Particularlfor the sedimentary and crystalline rocks being considered for
HLW storage in Canadarehard rocks, which can be considered to behave in a brittle manner.
The cutoff aspect ratio can be optimized by considering the strength of the rock mass as a function
of damage. Many researchers (Martin and Chandler, 1994; Hajiabdolmajid et al;, 2002
Hajiabdolmajid et al., 2003) incorpordighe effect of damage to the failure criteria of
commercially available software. For example, Hajiabdolmajid et al. (2002) implemented CWFS
criteria by mobilizing cohesion and friction angle as a function otiplagains in the numerical

model.
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The MohrCoulomb strain hardening/softening (MCSS) failure criteria in FLA@&i3 chosen

for numerical modelling in this thesis The evolution of brittle rock mass strengivas
mathematically modeled by varying cohesa@md friction angle with inelastic strain as suggested

by Walton (2019). As shown ifig. 3.8, the initial value of friction anglés very low (0 to 20
degrees) which indicates tihehaviourof undamaged rock in lowonfinement condition The

initial high value of cohesion indicates that tharefewer cracks in the rock. As the number of
cracks initiats and propagate in the rock, cohesion decreases and becomes almost zero,
representing the progressive failureadk at the levels of damage (typically quantified as inelastic
shear st r &lessthaeorgqual totposemat whith the maximum (or mobilizetipfr

angleis attained Fig. 3.8). The variation of ghesion and friction angleasapproximated by a bi

linear curve, as suggested by Walton (2019), who based his recommendation on back analysis of
calibrated models of various case studies. The peak and residual friction and ceesion
determined from th experience of the authors strong granitic rocKl{able3.1). The mechanical
properties of the rogkinerandbedding planeased n the modeére given inTable3.2 andTable

3.3.
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Fig. 3.8 Mathematical evolution of cohesion and friction angle with inelastic strain in cohesion
weakening and friction strengthening approach (after Walton, 2019).

To unckerstand the effect of rock mass anisotropy oresttent of EDZi and EDZo faheoptimum
cutoff, horizontal bedding planes were considered in the rock mass. The bilinear strain

hardening/softening ubiquitous joint moaeisused to describe the constiugbehaviourof rock
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mass with horizontabedding planesin the bilinear model, the failure envelopes for the matrix
and jointare the composite of two MokhCoulomb criteria with a tension cutoff that can harden or
soften according to specified laws. Anassociated flow rules used for sheaplastic flow, and

an associated flow ruis used for the tensiplastic flow. The softeningarameteror the matrix

and thebedding planesre specified in tables in terms of four independent hardening parameters
(two for the matrix and two for theedding planésthat measure the amount of plastic shear and
tensile strain, respectively. Thaluesfor hardening and softening parameters for the rock xatri
andbedding planesre given in Table 3.1 and Table 3.4. In this failure criteria, failures first
detected for the matrix, and relevant plastic correags@pplied. The new stresses after applying
the plastic correctiorare usedto detect the failure along thieedding planesand updated
accordingly. The hardening parametansincremented if the plastic flow has taken place, and the
parameters of cohesion, friction, dilation, and tensile stresrgthdjusted for the matrix artie

bedding planessing the tables.

Table 3.1 Data points to generate the CWFS, a bi-linear model used in the numerical simulation
(Perras and Diederichs, 2016).

Rock type Inelastic strain | Coheson (MPa) Friction angle | Tensile strength
(millistrain) (degree) (MPa)

Granite 0 52 12 15.6

2 4 33.5 0.1

4 4 55 0.1
Limestone 0 155 15 6.5

2 1.2 35.3 0.1

3 1.2 50 0.1
Mudstone 0 7.2 20 4

2 0.4 45 0.1
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Table 3.2 Mechanical properties used in the mechanical study and thermo-mechanical study
(Perras and Diederichs, 2016).

Mechanical Property Granite Limestone Mudstone | Concrete

liner
Density(kg/m®) 2650 2660 2680 2000
Youngods modul u 75 40 17.4 10
Crackinitiation stress (MPa) 128.4 17.4 20.6 NA
Poi ssonds rat.i 0.2 0.25 0.3 0.2
Tensile strength (MPa) 15.6 6.5 4 NA
Uniaxial compressive streng 246 101 48 NA
(MPa)

Table 3.3 Mechanical properties of bedding planes used in the mechanical study (Perras and
Diederichs, 2016).

Mechanical Property Bedding planesn | Bedding planes; Mudstone
Limestone

Bedding planeslilation (degree) 5 5

Bedding planegensile strength (MPa) 0.66 1.4

Table 3.4 Bedding plane data points to generate the CWFS, bi-linear model used in the
numerical simulation (after Walton, 2019).

Rock type Inelastic strain | Beddingcohesion| Beddingfriction | Beddingtensile
(millistrain) (MPa) angle (degree) | strength (MPa)
Limestone 0 3.3 38 0.66
3 0.01 30 0.1
Mudstone 0 6 20 1.4
3 0.1 15 0.05
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Table 3.5 Thermal properties used in the thermo-mechanical study (Radakovic-Guzina et al.,
2015; Guo, 2017).

Thermal Property | Limestone| Highly Bentonite| Dense | Container| Backfill
compacted backfill | bentonite concrete
bentonite | pellets backfill

Thermal 2.5 0.5 0.4 0.8 45 1

conductivity

(W/(m.K))

Specific heat 845 1440 910 1110 434 880

(J/(kg.K))

Bulk dengty 2660 1880 1439 2120 5345 2400

(kg/n)

Because the numerical dimensions of the different excavation damage zones, espeEialy, for

weredetermined based on the volumetric strain in the rock, accurate prediction of the numerical

volumetric strairwasvital. The volumetric strain in thgostfailure regionis highly dependent on

the constitutivebehaviourof the rock massn the region. Studies have shown that due to the

variation of dilation angle in theostfailure region, thevolumetric strainis highly nonlinear
(Alejano and Alonso, 2005; Zhao and Cai, 2010; Walton and Diederichs, 2015a). Because of the

complexity of including a varying value of dilation angle in FLAC3D, a constant dilation angle

wasevaluated using equation (1) from Walton d@ndderichs (2015b)The dilation angle value

obtained through this equation prowida close approximation to the more complex dilation

models mentioned abowe terms of overall rock displacement trends within the damage zone.

Here A

— A

T

P

(1)

tangential (compressive) stress expected along the excavation boundary.

To simulate heat transfer in thepre si t or y

envi

ronment

is the insitu unconfined strength of the rock mass &nd is the maximum elastic

Four i

stationary, homogeneous, isotropic rogs used.Different components inside the placement

er 6

roomi highly compacted bentonite, gap fill bentonite, and concrete were considered homogenous,
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isotropic,and norporous for the thermal and therm@echanicamodel. The thermemechanical
properties used in the mechanical model and thenachaical modelare given inTable3.2 and
Table 3.5. Thermal properties of the intact limestowere used for the rock, including when

damaged, with a thermal expansion coefficient equal to-664EHK.

3.4 Initial Stress and Boundary Conditions

The mechanical modelasa generamodellingexerci® to optimize the cutofind itwasnot a

real representation of any site for the underground nuclear waste repository. On the other hand, for
the thermemechanical model, a representative room from the conceptual Canadian nuclear waste
repositorywasconsdered to use the actual power of the canister. Different stress scemargs
considered for the mechanical model to understanextent of EDZi and EDZo fotutoff with

thein-situ stresss while only one irsitu stress valuerasused for the thermmechanical model.

3.4.1Mechanical Model

The numerical modetasconsidered at differentdeph s by usi ng cailidrderr ent v
t 0 adjnadltratid beteeenl to 3-(g. 3.9), the laterwasdone to induce the brittle failure

of the rock as suggest eadstie pnaxibhunetangentialsthess at(th2 0 0 7 )
excavation boundary and @the crack initiation stress. Initially, the numerical mogakset up

with 46 MPa principal stress in zz and xx direction and 69 MPa in the yy direction for a k ratio of

1.5 (horizontal (yy}o vertical (zz) stress ratio).

All the boundaries in the numerical moaedrefixed except for the excavation surface of the drift
and cutoff. For the purpose of this study, a shotcretewasused in the excavated area to provide
support for the dff, however, itwasnot considered for the theramechanical model as it will
not be present in the stable crystalline rock mass conditiotiee actual repository conditions
This liner was not installed inside the cutoff excavatidor both the thermablnd therme

mechanical models
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Fig. 3.9 Empirical and Numerical depths of EDZs (modified after Perras and Diederichs (2016)).
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3.4.2Thermo-mechanical Model

Forthethermemechanical modeHg. 3.7), the conceptual repositowasset at a depth of 500 m

with 13.5, 23.1, and 40.5 MPa principal stresses in the zz, xx, and the yy directions, and a 0.027
MPa/m vertical stress gradient using a K ratio of 3 (horizontal (xx) to veftastress ratio) and

Kh ratio of 1.75 (horizontal (xx) to horizontal (yy) stress ratio). This value wofakselected to

induce measurable EDZs and represents the was& scenario for a repository. The initial
temperature in the modelasset with a gothermal gradient of 0.0PZ/m considering a surface

temperature of 8C, following Baumgartner et al. (1994).

Normal displacements along all the vertical boundaries except the excavationveralset to
zero. The bottom boundary of the modeisfixed in all three directions while the top boundary,
representing the ground surfagaskept free. For heat transfer, the top and bottom bourvdensy

considered isothermal with the top boundary set’@ &nd the bottom boundary set at°C7in
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accordance ith the geothermal gradient. The vertical boundary passing through the center of two
adjacent rooms represented a symmetry boundary between two rooms in an infinite repository and
thereforewasconsidered adiabatic. The vertical boundary passing throegtettiter of the room

also represented the symmetry boundary through the center of the room in an infinite repository
and thereforevasconsidered adiabatic. The vertical boundary perpendicular to the room axis and
passing through the axis of the materiahéiling driftis a symmetry boundary between two
repository panels and considered adiabatic. The vertical boundary passing through theneenister
also assumed adiabatiherefore, all the vertical bouates were considered adiabatic wiite

top and bbttomboundariesvere considered isothermal.

3.5Summary

The methodology used to understand the mechanical and tmeecttanical response of a cutoff
wasdescribed in this chapter. A continuum finite element method using COM&RLused to
understand the theahbehaviourof the cutoff. On the other hand, a continuum finite difference
method using FLAC 3Dwas used to understand the mechanical and the coupled thermo
mechanical response of the cutoff.

The important aspects of mechanical and themmechanical moels were described here. The
geometry of the model, model setup, constitutive models, asitlimnd boundary conditions used

for the mechanical and theramoechanical modeleredescribed in the chapter. Furthermore, the
steps to carry out a parametricidy to optimize the shape and dimension of the cwtaié
described. The results of the mechaniabellingare presented in chapter 4 while the results of
thermemechanicamodellingare presented irfChapter 5For the model verification, the results

of themechanical model were compared with the past empirical and numerical modelling studies.
Further the results of thermmechanical model were verified by comparing them with past

numerical modelling studies, for instance, Guo (2017).
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Chapter 4. Mechanical Modelling Results

4.1 Introduction

This chapter analyzes the results of mechameadellingto understandhe extent of EDZi and
EDZofor thecutoff. Dimensions of EDZ&eredetermined for a circular room located at different
depths in the granite rock mass. Basadhe dimensions of the EDZi, rectangular, triangular, and
trapezoid cutoffsvereconstructed. Dimensions of EDZfter the construction of the cutofiere

determined to analyze the effect of cutoff construction on EDZi.

A parametric studyvasconductedo analyzethe extent of EDZi and EDZo fodifferent shapes
and dimensions of the cutoff under different stress conditions. The cutoff shape and dimension
wereoptimized based on the criteria that the construction of the cutoff should induce a minimum

increase in the prexisting EDZi.

After optimizing the cutoff, the next stegasto study the effects of different variantstbeextent
of EDZi and EDZo fothe cutoff. Different variants such as shape and orientation of the placement
room, rock mass propiges, and rock mass anisotropsere considered to analyzbe extent of

EDZi and EDZo fotthe optimum cutoff under different scenarios.

4.2 Mechanical Modelling Results and Discussion

The yielded elements and volumetric strain around a room with a rectaogitdf at the
equilibrium state of the nuenical modelare shown inFig. 4.1. Numerically, yielded elements
indicate the plastic yield region, and these elements have lost some cohesion and gained frictional
strergth. Practically speaking, the rock mass in the region of plastic yielsioigmaged due to
connected and unconnected macro and microfractures (Diederichs, 2003, 2007). The zone beyond
the plastic yield regiois in an inelastic state (EIZ). The plastioneis comprised of EDZi and

EDZo (Fig. 4.1). The maximum extent of the plastic zasehe outer limit of EDZo. The black

iso-line in Fig. 4.1 shows the boundary between BE2zad EDZo. It can be observed that the iso

line has shifted away from the excavation surface right above the cutoff. This shiffimeiso

due to the construction of the cutoff which increases thexsting EDZi before the construction

of cutoff.
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The volumetric strairs positive near the cutoff boundary and it increases away from the boundary
becoming zero at a certain distance away from the cutoffig 4.1). Perras and Diederichs
(2016) suggested thiis transition should be considered the EDZi to EDZo transition boundary.
In FLAC3D, positive volumetric strain represents a volumetric expansion of the rock mass and
negative volumetric strain represents volumetric contraction. Physically, this bahavaorock

mass can be understood usihg analogous behaviour of rock underdxial test conditions.
Under low confinement triaxial loading, pexisting cracks close and new cracks initiate parallel

to maximum principal stress, which causes an irsgéa volumetric strain. When tensile cracks
start interacting with each other, thésea rapid increase in radial strain and timsturn,causes a
decrease in the volumetric strain. Similarly, around the room under low confinement conditions,

tensile cacks interact with each other, causing large extensional strains.
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Fig. 4.1 Different excavation damage zones interpreted from volumetric strain and yielded
elements (Sharma et al., 2019).

The contours of Mametric strain around the cutoff, with the extent of EDZi 1.91 m and EDZo

2.12 m for the triangular shaped cutoff with an aspemt tdtl:2 areshown inFig. 4.2. Moving
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out beyond the EDZi zone into EDZo, thelwmetric strain becomes negative and indicates
volumetric contraction. With the CWFS constitutive model, plastic yielding can still occur under
negative volumetric strain (contraction). This represents cracks forming under high confining
stress, similar ta volume of rock away from the excavation surface. This confinement limits crack
growth, thereby limiting crack interactions. This has been shown by Hoek (1965) for tests under
triaxial loading where equilibrium crack lengths at a given compressiveateainaller under
confinement. Similarly, in the field, the zones in which volumetric sisamegative in the model,

may not have connected fractures and therefore smaller tensile strains. The extent of the EDZi and
EDZo areincreased by 0.18 m and 0.33 maspectively, from the preutoff dimensions for the
triangular shaped cutoff with an aspect ratio of 1:2.

The contours of volumetric strain around the excavation of the trapezoidal shapedrestaffvn
in Fig.4.3. The extent of the EDZi and EDZ01.78 m and 2.00 m, respectively, for the trapezoidal
shaped cutoff with an aspect ratio of 1:2. The extent of the EDZi and BElZaeased by 0.05

m and 0.21 m, respectively, after the cutoff construction.
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The contours of volumetric strain around the rectangular catehown inFig. 4.4. The extent
of the EDZi and EDZarel1l.94 m and 2.12 m, respectively, for the rectangular shajteft with
an aspect ratio of 1:2. The extent of the EDZi and EDZo increased by 0.21 m and 0.33 m,

respectively, after the cutoff construction.

The variation of rock mass dilation around the room before and after the construction of the cutoff
is shown inFig. 4.5 (a), (b), and (c). For a thickness to depth ratio of 0.5 for the trapezoid, triangle,
and rectangular cutoff, the dilation has increased significantly. A maximum increase in dslation
observed for the rectangular cuttdfiowed by the triangular and finally the trapezoid cutoff. The
trapezoid cutoff results shaadthat the depth of transition from extensile to compressional strain
for the pre and postconstruction of the cutoff remains minimum as compared to the grdéan

and triangular cutoff.

4.3 The Optimum Cutoff

The cutoff dimensionvasoptimized by ensuring minimum or zero extension in theegisting

numerical EDZi when the cutoffasconstructedThe numerical results of the parametric study

for differentinnerexcavation damage zone dimensions for different shapes of enésiiown in

Fig.4.6 (a), (b), (c). The irsitu stress ratio and cutoff depth to width ratierevaried to optimize

the cutoff dimensions. The varah of normalizedchange InEDZi before and after the
construction of the cutoff fwasanalgzed Theresiltsbf as pe
the parametric study for the rectangular, triangular, and trapezoidal carte$isown inFig. 4.6

(@), (b), and (c) respectively. It can be observed that with an increase in the aspect ratio and the
d_ max/ ClI rati o, the extent of the normali zed
increase in EDZi after catructionismi ni mum for | ow aspect and | c
trapezoidal shaped cutoff with a low aspect ratio (0.2) caused the smallest increasistipig

numerical EDZi when compared to the triangular and rectangular shaped cutoffs andahefor

selected as the optimum.
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4 .4 Effect of Different Variants on the Cutoff

After optimizing the cutoff, the effect of different variants such as orientation and shape of the
room, rock mass properties, and rock mass anisotropj®@axtent of EDZi and EDZd®or the
optimum cutoffwas analyzed. First, to analyzie effect of room orientation, a cutoff for a
vertically oriented room (circular shaft) of radius wasconstructed with the shape and aspect
ratio of the cutoff similar to that of the optimum cutoff. Second, to analyze the effect of rock mass
properties, a cutoff for circular placement room located in different rock tyysesconstructed

with aspect ratio and shape similar to the optimum cutoff. Third, to analyze the effect of rock mass
anisotropy, the cutoffocated in rock mass with horizontal beddjignes, andvith shape and
aspect ratio similar to the optimum cutefas constructedAnd fourth, to analyze the effect of
room shape, a cutoff for a rectangular placement rasconstructed with a shape and aspect

ratio similar to the optimum cutoff.

4.4.1Comparison betweenCutoff for Shaft and Room

To simulate the cutoff for the shatft, the direction of the gravity irbdsenumerical modelvas
changed to horizontallhe model with a trapezoid cutoff of aspect ratio 0.2 for cirquzement

room was cosidered the base moddllso, themajor horizontal stressvas changed to vertical
stress while the vertical stress was changed to major horizontal stress in the base numerical model.
The contour of volumetric strain for tleptimumshaftcutoff is shown n Fig. 4.7 (a). The black
iso-line shows the boundary between the EDZi and EDZo. The zone with positive volumetric strain
represents the volumetric extension while the zone with negative volumetric strain shows
volumetric contraction. The magnitude of EDZi before the construction of the cutoff for the shaft
is1.70 m and the magnitude of ED&dL.73m. The magnitudes of EDZi after the construction of
the cutoffis 1.78m and the magnitude of the ED&®.00m. Theextent of EDZi for the optimum
cutoff depends on the -situ stress condition. For the given stress condition for this thhsis, t
extent ofEDZi before and after the construction of the cutoff with optimum shape and dimension
is approximately the same fire shaft and the horizontal placement room.
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Fig. 4.8 Volumetric strain before and after the construction of the trapezoid cutoff for the shaft
and its comparison with the volumetric strain for the room with the optimum trapezoid cutoff.

Theextent ofdilation along a line, passing through the tfghe cutoffis shown inFig. 4.8 for the
shaft and the placement room. It can be observed that the volumetriaspasitive along the
line up to a certainalue of rR andthen it becomes negative after a certatue of the r/RThe
value of r/R represents the normalized distance angdhme of transition from the negative to
positive volumetric straims the boundary between EDZi and EDZo. Dilation of rock masken
vicinity of the cutoff can be observed frdfig. 4.8. The dilation before and after the construction

of the optimum cutoff for the shaft and placement ra®@approximately the same.

4.4.2Cutoff for Anisotropic Rock Mass Properties

To understand the effect of anisotropic rock mass properties, the bilinear strain hardening
softening model for anisotropic rock magasusedin the numerical modeln this constitutive

model, the weak planes located inside a zaresimulated using the Mokzoulomb failure
criteria. The most frequently observed orientation of the weakness plane in rock i.e. the horizontal
bedding planewere considered in the numerical modelisitare to observe tHeeddingplanesin

granite, therefa, only limestone and mudstone roakereconsidered with the horizontal bedding

planesto understand the effect of rock mass anisotropy in a realistic field scenario.
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The contours of volumetric strain fon aptimumtrapezoid cutoff around circular placent room
located in limestone without and with bedding plaar@shown inFig. 4.9 (a) and (b). The positive
volumetric strain represents the volumetric expansion while the negative volumetric strain
representghevolumetric contractiof the rock masslrhe boundary between positive volumetric

strain and negative volumetric stragthe separation boundary between EDZi and EDZo.

The dimension of EDZi and EDZare1.73 m and 1.93 m for the circular placemermnnowith
trapezoid cutoff located in limestone without bedding planes. The extent of EDZi andi&DZo
increased to 1.8 m and 2 m for the circular placement room with trapezoid cutoff located in
limestone with bedding planes. Both EDZi and ED&te increaseddue to the presence of
horizontal bedding planes. The bedding planes have lower shear strength than the shear strength
of the intact limestone. The high shear stresses in the rock masd taluise along the weak

plane before the failure in the intacick. Therefore, higher EDZi and EDZXeere observed for

the optimumcutoff located in limestone with bedding planes as compared to limestone without
bedding planes.

The contours of volumetric strain féine optimumcutoff aroundthe circular placement room

located in mudstone with and without bedding plaaesshown inFig. 4.10 (a) and (b). The
dimension of EDZi and EDZarel.64 m and 1.8 m for theptimumcutoff located in mudstone

without bedding planes. The exteri EDZi and EDZaareincreased to 1.96 m and 2.06 m for the
optimumcutoff located in mudstone with the bedding planes. The extent of EDZi and EDZo
increased due to the presence of bedding planes. Similar to the case of limestone, the high shear
streses in the rock mass caddsrilure along thebeddingplanes before failure in intact rock
eventually causing a higher extent of EDZi and EDZo in the mudstone with bedding planes as
compared to mudstone without bedding planes.
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Fig. 4.10 Contours of volumetric strain, and the boundary between EDZi and EDZo for a
trapezoid shape cutoff for circular placement room in mudstone (a) without bedding planes and

(b) with bedding planes.
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The rock mass dilation alorgystraight line originating from the roof of the placement room and
moving into the rock mass up tadepth of 4 ms shown inFig. 4.11. The rock mass dilation for

the optimumcutoff is positive near the placemerttom, showing a volumetric expansion of the
rock. It becomes negative after a certain distance from the placement room representing the
volumetric contraction of the rock. The boundary wheeevolumetriddilation becomes positive

to negative represeritse boundary between EDZi and EDZo. Moreogeing beyond the EDZo,

the dilation becomes zero after a certain distance which shows that the construction of the
placement room does not have any effect in this zone. It can be observed that the rocktass dil

is greater when the horizontal bedding plaaespresent in the limestone. Ths because the
beddingplanes due to their lower strength cause large shear strains in the rock mass as compared
to the rock mass with no bedding planes in it. The failn the rock mass occurs along the weak

planes due to their lower strength as compared to the intact rock.
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Fig. 4.11 Rock mass dilation for a cutoff with optimum shape and dimension located in
limestone with and without the presence of bedding planes.

Similar to limestone he rock mass dilation for mudstone along a straight line originating from the

roof of the placement room and moving into the rock mass up to a depth fghawn inFig.

4.12. It can be observed that the rock mass dilas@reater when the horizontal bedding planes

arepresent in the mudstone. Tlgbecause the weak plane due to its lower strength causes large
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shear strains in the rock maas compared to the mudstone with no bedding planes Tinét.
change in rock mass dilation with amdthout the bedding planes was more pronounced for

mudstone as compared to limestone.
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Fig. 4.12 Rock mass dilation for a cutoff with optimum shape and dimension located in
mudstone with and without the presence of horizontal bedding planes.

The contours of shear stress in the rock masstactlimestone and mugdoneareshown inFig.

4.13 (a) and (b) respectively. It can be observed that the magnitude of the sheas girester

for the limestone as compared to mudstone when tireneo bedding planes in the rock. The
higher values of shear stresmusea high vale of shear strain eventually causing high values of
volumetric strain and the higher extent of ED&i limestone The higher values of shear stress
arecaused due to high value of modulus of elasticity of limestome extent of EDZi depends on
the ratiobetweershearstrength tshearstress values in the rock mass. Although, the shear strength
of mudstone is lower than limestone, however, the low value of modulus of elasticity of mudstone
induces lower values of the shear stress for mudstone. Fovémeayastic and strength parameters
of limestone and mudstone, the ratio betwslegarstrength teshearstress is higer for mudstone
than limestonen this study The highervalue of the ratio betweeshearstrength tashearstress
causeda lower value 6 EDZi for mudstone as compared to limestone. Therefore, the extent of
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EDZi for the optimum cutoff in intact mudstone was found to be lower than the optimum cutoff in

intact limestone.
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Fig. 4.13 Contours of shear stress, and the boundary between EDZi and EDZo for a trapezoid
shape cutoff for circular placement room in (a) limestone and (b) mudstone without horizontal
bedding planes.
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4.4.3Cutoff for Different Rock Mass Types

The optimum cutoff fora circular placenent roomwas modelledfor granite, limestone, and
mudstonerock massto understand the effect of rock mass propertietheextent of EDZi and
EDZoaroundtheoptimum cutoff. Granitevasconsidered without bedding planes while limestone
and mudstonewere considered with horizontal bedding planes to simulate realistic field

conditions.

The contours of volumetric strain for the cutoff located in granite, limestone, and mudstone
shown inFig. 4.14 (a), (b), and ). The black isdine shows the boundary between EDZo and
EDZi. The zone with positive volumetric shows the volumetric extension of the rock while the
zone with negative volumetric strain shows the volumetric contraction of the rock. The extent of
EDZi is 1.7 m, 1.71m, and 1.88n for the circular room located in granite, limestone, and
mudstone respectivelyFurther, he extent of EDZaes 1.86m, 1.87m, and 2m for the circular

room located in granite, limestone, and mudstoespectively The extent oEDZi is 1.78m, 1.8

m, and 1.96n after the construction of optimum cutaffgranite, limestone, and mudstone mck
respectively.Similarly, the extent of EDZas 2 m, 2 m, and 2.1m after the construction of
optimum cutoffin granite, limestone, and rdstone rock, respectivelyThe dimension of EDZi

and EDZois the largest for theoptimum cutofflocated in mudstone followed by limestone and
granite. For the case when the horizobidlding plangarepresent in limestone and mudstone,

the failure of reak mass occurs along the weak planes present in the limestone and mudstone. Due
to the lower strength of the horizonteddding plang as compared to the intact rock mass, higher
values of shear straiaseobserved in the rock mass. Therefore, the dimeansf EDZiis greatest

for mudstone followed by limestone and granite.
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Fig. 4.14 Contours of volumetric strain, and the boundary between EDZi and EDZo for a
trapezoid shape cutoff for circular placement room in (a) granite (b) limestone, and (c)
mudstone.

The rock mass dilation along a straight Ipeallel to the vertical side of the optimum cutoff and
passing through the tip of the cutafshown inFig. 4.15for the optimuncutoff located in granite,
limestone, and mudstone. The volumetric stiaipositive for the low values of r/R and then

becomes negative after a certain distaid¢e boundaryof transition from positive volumetric

strain to the negative wainetric strains the separatioboundarybetween EDZi and EDZo. ttan

be observed that thextent ofEDZi for the optimuncutoff is greater for mudstone followed by

limestone and granite.
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Fig. 4.15 Rock mass dilation for a cutoff with optimum shape and dimension located in granite,
limestone, and mudstone with the presence of horizontal bedding planes.

Interestingly, the order of rock mass dilatiwasfoundto bethe oppositeof that which one would
expectwhen the bedding planegere absent inthe limestoneand mudstone rock maess(Fig.
4.16). This orderis because of the difference in the valuesloéarstrengtls and modulus of
elasticites of the rocks.The extat of EDZi and EDZo depesdn the ratio between the shear
strength and shear stress in the rock mass. Although the shear strength of intact granite is higher
followed by limestone anchudstone, théigh value of modulus of elasticity of granite followed
by limestone andhenmudstone induces higher shear stress in the intact grenitéhe given
strength and elastic propertiestiérocksusedfor this study, he higher values of shear stress in
theintact granite followed byntactlimestone andhenintactmudstone causka lower value of
the ratio between sheatrength and shear stress fioe granite followed by limestone ariblen
mudstone. The low values of shear strength to stress ratio indues hiues of shear strain
eventually causing higher extent of EDZi and EDZo fdhe granitefollowed by limestone and

mudstone.
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