Table of Contents

I TCALE ettt ettt e e e e e e et e e eeesea e aaeeeeeeesaseaaaaeeeesssasanaaeeeeessesnnenees 11
DIECIATALION. ..ttt ettt ettt e e e e e e e s eaateeeeeseeasasaneeesessasaannaeeeesesaseaaneees \Y%
COPYTIGNL ..ottt e st e st e e e e se et e e s st e s st e enseenseeseennsanssennnens Vil
| D I<e 1TT:15 (o) 1 VUUUUUUUUU RO R R RRRRRRRRPRRRRRPRPRRPR IX
ACKNOWIEAZEMENL ......eeieiienieiieiieieet ettt ettt sttt b e sae e XI
JaN 0115 o1 SRR XIII
TADIE OF COMIENES ..o eeeeeeeeee ettt e e e e e e e ee e e e e ee e s e e e e s e s e emeesesenenemennes XVII
LSt O FIGUIES ..ottt ettt ettt sbeenees XXI
ST OF TADIES....eeeeeeeeeeeeeeeeeee et ettt et e e s e eeeaae e e e e e esesraeeeesesesesaneees XXV
LISt Of ADDIEVIALIONS «.eevvveeeeteeeeeeeeeee ettt e et ee e e e eeeseseneeeeesseseseesaeeeeessesnnnans XXVII
LiSt Of SYMDOIS ...ceuvieiiiiieieieiee ettt XXIX
CHAPTER 1 INTRODUCTION ...uuuuueieeerereeeneeeeresesessesssssssssssesssssssssssssssssssssssssssssssssses 1
L] GENERAL .ttt et aaeaaaeeave e aae e asesseeeseeeseseeeesesseesessesesseseseseeesseeseesens 1
1.2 BACKGROUND AND PROBLEM STATEMENT ..euoiititiittieeeeeeeeeeerteneeeseeeeeesasnnneseessseees 1
1.3 RESEARCH QUESTIONS ...ececeutttieeeerreeesrteeeessreeesssreeeessssessssssssssssssssessssssesssssssessnsssens 6
1.4 OBJECTIVES OF THE RESEARCH WORK ..couvuuiiiieiiiittieeeeeeeeereteneeeeeeseeesssannnenesseeens 6
1.5 STRUCTURE OF THESIS 1uueitettttttteeeeeeeeeeettueeeeeseseeestasansesesessessssmmnssesssssssssmmnnnnneses 7
1.6 SCOPE AND LIMITATIONS OF THE STUDY +uvuuuuuuueuuueueneereneneeeneesesesesessesssesesesssessssssseeee 8
CHAPTER 2 LITERATURE REVIEW. ....iiieeereeenneeeeescsseeseesssssessssssesesssssssssssssssss 9
2.1 GENERAL oo eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseesesesessssnsssssssesssnssesssesssssssnsssssssssssessnssssssssssnssssns 9
2.2 ROCK MASS CLASSIFICATION ....ueuteeeeenenenneeesesesessesesesessesssssssessssesssesssssseesseeese 11
2.3 COMMON ROCK MASS CLASSIFICATION SYSTEMS ..uiitieiititiieeeeeeeeeeeeeneeeseseeeeesnes 13

xvii



Table of Contents

2.3.1 Rock quality designation (ROD) .............ccccoouviiiieiioiiiiieeiieeeeeieie e, 13
2.3.2 RMR ClASSTIICALION ..ottt 15
2.3.2 O-SYSTOIM....cceeeeieeie et eetee ettt ettt et e et e et e e tt et e e erbt e taeenareeeaes 16
2.4 COAL ROOF CLASSIFICATION .....ciuiiiiiiiiiiiiiiiiiiiiesieeeciceee et 20
2.4 0 CMRR SYSICHL......c.ieiei ettt ettt 20
2.4.2 CMRI-RMR CIASSIfICALION ............coveiiiciiicieeiesieeie e 21
2.5 SUPPORT DESIGN METHODS.......cccoviiiiiiiiiiniiieiciectenccenceeeseees s 23
2.5.1 Empirical Method ..................ccooociiiiiiiiiiiiieiieee et 24
2.5.2 Numerical MethOd.....................c.cccccciiiiiiiiiiiiiiiiiiiiiii et 25
2.5.2.1 Elastic model.....................cccooimiiiiiiiiiiiiiiiiiii i 26
2.5.2.2 Elasto-plastic / strain softening model......................c.cccoeevvivioniiiniveniennnnn, 27
2.5.2.3 Hoek-Brown failure CPIteriQ................ccccoueeiueiieeiieeieeeeeeeeeeeeeeee e, 27
2.5.2.4 Sheorey failure CPIE ia ...........c...ccooovveveieieieiiiiieeiieee et 28
2.5.2.5 In-situ Stress CONAITION. ................cccccoeviiriiiiiciiiiiiiiiiie e 28
2.6 TIME-DEPENDENT STRENGTH REDUCTION .....ccciiviiiiiiiiiiiiiiiiiicniiciciccccecnens 29

2.7 RESEARCH GAP, LIMITATIONS OF PREVIOUS STUDIES, AND NOVELTY OF THE

PRESENT WORK ..c.coiiiiiiiiiiiiiiiiiccee e 30
2.7.1 Limitations of Previous SHUAIES...............ccccoevviviiiiiiieiieeeeseeeeeeie e, 30
2.7.2 ReSEAVCH GAP ... 31
2.7.3 Importance and Novelty of the Present Work...............cccccocvevevcvaviencciceanennnn 31

2.8 CONCLUDING REMARK .....oouiiiiiiiiiiiiiiiiiicicccc s 32

CHAPTER 3 DEVELOPMENT OF COAL ROOF INDEX (CRI) .....coceeuerururrecnee 33

3.1 GENERAL ittt 33

3.2 CASE STUDY weiiiiiiiiiiiiiccce ittt 34

3.3 COAL ROOF INDEX .....coiuiiiiiiiiiiiiiiiiiiiiicicitteic sttt 36

3.4 DETERMINATIONS OF PARAMETER VALUES .....cviiiiiiiiiiiiiiniicnicicceecececenencnes 37
3.4.1 LTH MEASUFEINENL .............c.euieiiieiiiiieee e 37
3. 4.2 Structural FeQIure....................cccccoviiiiiniiiiiiiiiiite e 38
4.3 8D ..o 39
4 UGS . 41
3.4.5 Ground Water CONGILION...............c.ccccoviniiiiiiiiiiiiiiiiiiieeeeee e 42
iGiO RLF ...t 42
3.3.6.1 Stress profile and yielded plastic zone around roadway/gallery.................. 47

Xviii



Table of Contents

3.5 MULTIPLE REGRESSION ANALYSIS ...cuiiiiiiiiiiiiniiiiiiiiieiesiie e 52
3.6 RATING ASSESSMENT ....couiiuiiiiiniiiiitiniinicsicntete et 54
3.7 RESULT AND DISCUSSION ....couiiiiiiiiiiiiiitiicicicicie e 58
3.7.1 Coal Roof Rock Class Categorization for proposed CRI classification......... 38
3.7.2 Correlation With ST ..............ccccceoiioiiiiniiiiiiiiieee e 59
3.7.3 Comparison between CRI classification and CMRI-RMR classification....... 60
3.7.4 Correlation among CMRI-RMR and the CRI Classification.......................... 62
3.8 VALIDATION THROUGH INDIAN COAL MINE FAILED/STABLE CASES ......c.cccovvvninuininne 63
3.9 CONCLUDING REMARKS .....cviviiiiniitiiiiiiiiiieiccinctcnc ettt 64
CHAPTER 4 ASSESSMENT OF STRENGTH PARAMETER............ccocveererueene 67
4.1 GENERAL....ctitiitiiticiitct ettt s s eas st ea et sn s sa s easea e 67
4.2 NUMERICAL SIMULATION ...ttt 68
4.2.1 Numerical Model Creation......................ccccocceevioiiiiiiiniiniainenenceeeeeees 69
4.2.2 In-situ Stress CONAILIONS ..............ccccocuviiiininiiiiiiiiiiete s 69
4.2.3 Assessment of Strength PrOPEFLIEs...............ccc.ccveeieiueevueeseeeieesireeeieeereesseenneens 70
4.2.4 Numerical Simulation Scheme.....................cccccvcivininininiiiiiiiiiieienee 73
4.3 Hoek-Brown strength parameter s formulation.....................c.cccocoevevcvaviennnnnn 74
4.4 Result and DiSCUSSION..................ccccoeciroiiiiiiniiniiiiieietet et 76
4.4.1 Zone of Plastic strain for various CRIvalues .................c.cccccocvevevcvaviennnnnn 76
4.4.2 Correlation of plastic strain and actual ST of field cases .............................. 82
4.4.3 Critical plastic strain evaluation.....................ccccoeeeuevceaneieiiiesiiise e, 83
4.4.4 CRI-based rock load formulation for galleries ..................cccccoevvecievenivanianinnn 86
4.4.5 Effect of Depth and Width of gallery on rock load height .............................. 87
4.4.6 Estimation of SUpport RESISIANCE ...............c..cccooveceeiiiiaieeiiieieeieee e 88
4.5 CRI-BASED ROOF SUPPORT DESIGN THROUGH NUMERICAL SIMULATION................. 38

..................................................................................................................................... 89
4.7 STATISTICAL VALIDATION OF CRI-BASED ROCK LOAD MODEL ....cc.ceevueererareeeeennne. 92
G 7.0 TRE F-L@SE .ot 92
4.7.2 ANOVA QRQLYSIS........ccooooeieciieeieeeieeeieee ettt 93
4.7.3 ReSIidUQL QRALYSTS ...........c.ooovveeieeeiiiiiiieee et 94
4.8 CONCLUDING REMARK ....cutiriiriiriiintieniienteeteettenieeereesseesstessesneenseenseesseesmeesmsenns 94

Xix



Table of Contents

CHAPTER 5 TIME-DEPENDENT CONSTITUTIVE MODEL 97
ST GENERAL «eueeniteiteniteete et et et et et e setesmee st eaee s bt sebe e beesanesatesmteemeeeasesasesseensaesanenas 97
5.2 POST-FAILURE BEHAVIOR ....cccutiitiiiiiiiiiteitente sttt eteeieeie et eseee e seeeeeeaeeveas 99
5.3 CASE STUDY ceutteiteriteniteeeeeteereeereenseesitesaeesmeeestesesseeaseesseesasesasesnseenseensesasessseessees 100
5.4 NUMERICAL MODEL ...ccuviiiriiiiiniieieienitiieient et eteeseeeene st e sae et ssessesnnesaeenae 102

541 MOdel CreQLION ...........c..coocueiiiiiiiiiee e 103
5.4.2 Boundary CONAILION.................cccoeviiiiiiiiiii ettt 104
5.4.3 In-Situ Sress CONAIIIONS.............cccoccuiieiiiiiiiie ettt 104
5.4.4 Simulation apProGCH.................ccovoiiiiiiiii i 105
5.5 HOEK-BROWN STRENGTH PARAMETERS FORMULATION ...cveveuiuiruerenerenneneneneeeenenes 105
5.6 TIME-DEPENDENT CONSTITUTIVE MODEL...c..ceostteriteneeneeneeeieeienreesseenseeseeseeenee 106
5.7 RESULT AND DISCUSSION ....ututieieuiieteneirtesesenteseseseseeseseessesesenssaesesessssesesesssenenes 108
5.7.1 Calibration of material properties.................ccocvevvueviueeieeieieiieeeeeieeieenens 109
5.7.2 Mine roof deformation increases With time...................ccccoeueveereirevriennenneans 110
5.7.3 Comparison of actual ST and predicted ST ............c...ccooovevviiviiviiiciiiiieann 114
5.8 METHODOLOGICAL FRAMEWORK FOR CRI DEVELOPMENT AND APPLICATION ..... 117
5.9 CONCLUDING REMARK ...cueeuiiiiniiiiiniiniieieetetesieeiteteseteseeste et s sre s eseeene 118

CHAPTER 6 CONCLUSIONS AND FUTURE WORK 119
T T GENERAL «.cutiiieiieiieteteet ettt ettt et et sttt et sne e nesat et eneennes 119
7.2 CONCLUSIONS ..cuttiutemietieiteteeteetentteateste st eatesnesenesaesueetesneeseenesate s eseestensensesanennes 119
7.3 FUTURE SCOPE OF WORK ....cvteuiiiienieierieetenteetenteeseenesseeresseeseessessesnnensesenesesseenns 123

REFERENCES 125

LIST OF PUBLICATIONS 137

XX



List of Figures

Figure 2.1: Analysis of the causes of accidents in India's underground coal mines (1973 -2014)

Figure 2.2: The core piece length Measurement and calculation of RQD (D. U. Deere, 1967). 14

Figure 2.3: Stand-up time estimation based on RMR value and unsupported span (Z. T.

BieniaWsKi, 1979). ..ociecie ettt ettt sttt e et st e e a e s r s e a e s be e st e e be e teesaa e nteeraennrennes 15

Figure 2.4: The Q system chart for rock support estimate, developed by the Norwegian

Geotechnical Institute (NGI), (based on www.ngi.no, 2014).......cceceervierieenierieeneeneerieeeeee e 19
Figure 2.5: CMRR flow chart (Mark et al., 2004) .......ccocteriirierirnienirierereste e 21
Figure 3.1: Correlation between recorded stand-up time and calculated CMRI-RMR............... 34
Figure 3.2: Determination of LTH in coal mine roof (Paul, 2020) ......cccceceevrrenireenenerieeieaen. 37
Figure 3.3: Slake durability teSting apparatus........ccceeceereeriereereerienirteneseeteseseeeee e seeseesseenees 40
Figure 3.4: UCS Testing MaCKhINE.........ccvriieriiriirierierieertetiseetestetee e seessesetessessessensesseensensensees 41
Figure 3.5: Numerical model of 4.0 m wide gallery.......cccoveveienenieienenieeee e 43
Figure 3.6: Observed rock load height for various dimensions and depths of the gallery.......... 45

Figure 3.7: Stress profile and yield zone height for the width of galleries 3 m and various

gallery depths (50 m, 150 m, 250 M, 350 M) c.eeriirririiriieirieriereesrer ettt esee e s eesese s 48

Figure 3.8: Stress profile and yield zone height (rock load height) for the width of galleries 4 m

and various gallery depths (50 m, 150 m, 250 m, 350 M)..ccuerrirririieniierieeie e 50

Figure 3.9: Stress profile and yield zone height for width of galleries 5 m and various gallery

depths (50 m, 100 m, 150 m, 200 m, 250 m, 300 m, 350 M) ..cceevctrrirrrirrieeieeieereee e 51

Figure 3.10: CRI rating scale for layer thiCKness.........cceeveeirrereriniienenieeseeecee e 55

Xxi



List of Figures

Figure 3.11: CRI rating scale for structural feature ...........ccoceevererieenerenieneneeece e 55
Figure 3.12: CRI rating scale for slake durability indeX .........ccccoceevirierenieiieneneceeccee 56
Figure 3.13: CRI rating scale for groundwater flow .........cceceeveieenieninenieeieeee e 56
Figure 3.14: CRI rating scale for uniaxial compressive Strength .........coccocveeeveeicnenienienienenne. 56
Figure 3.15: CRI Classification.........ccooiciriieriereeiieere ettt 58
Figure 3.16: A graphical plot between adj. CRI and ST.......c.cocevverirvinininienereeeeceeeeeee 59
Figure 3.17: Correlation between recorded ST and calculated RMR......ccccocvveiiiininiiienne. 60
Figure 3.18: Correlation between recorded ST and adjusted CRI........cccoecveveneeiinenienieenienenne. 61
Figure 3.19: Correlation between CMRI-RMR classification and CRI classification ................ 62
Figure 4.1: A 3D model of an underground gallery.........ccccoverrrienenieneninieneseee e 69

Figure 4.2: Stress-Strain curves for (a) unconfined condition, (b) limited confined condition.. 72

Figure 4.3: Flow chart of assessment of strength parameter from numerical simulation........... 73

Figure 4.4: A best fit plot between plastic strain and standup time (days) .......cceceevverererueneenne. 76

Figure 4.5: Plastic strain distribution around a gallery of Bhelatand case (CRI value = 5.28, ST

Figure 4.6: Plastic strain distribution around the gallery of the Bahula case (CRI value = 1.88,

ST = 3 DAYS) . uteeueeeieererettent sttt et e et e ste e sbt e bt e sutesteeate et e e bt e s st e e st e eat e et e sateenee e e e ebe et e s neeeneeeabenane 77

Figure 4.7: Plastic strain distribution around the gallery of Kuju case (CRI value = 14.08, ST =

RO D £ I TSRSt 78

Figure 4.8: Plastic strain distribution around the gallery of Kharkharee case (CRI value =

106.64, ST =270 DAYS)-vvvverreereeeeesseeeseseesseessssseessssssssssssssesesesssssesssesesssesssessssssessssesessssesseseeene 78

xxii



List of Figures

Figure 4.9: Plastic strain distribution around the gallery of Eastkatras case (CRI value = 105.63,

ST =550 DIAYS) teuueeieieeriteeetee ettt ettt et te st e s et te st e e sabe e ebeeesbees e e e b eesbaeesabeesabaeesataestbeseneeas 79

Figure 4.10: Plastic strain distribution around the gallery of Kuradih case (CRI = 109.69, ST =

LOOO0 DIAYS) +rvveeureeeeeitentteiteeteeite et te bt et e st et e st e e e st e eseesabe s bt eabeeaseeest e abeshbeeubeeab e et e et beebeeaneesaeeenees 79

Figure 4.11: Plastic strain distribution around the gallery of New Kenda case (CRI = 170.63, ST

T 1825 DIAYS) tteuteeieeniteniie ettt ettt ettt st sttt e b et st e s h e bt e et e e h b e et e e be s bt e be e bt e bt et e s aeenbeeaee 80

Figure 4.12: Observed plastic strain along the width of the gallery via numerical modelling ...82

Figure 4.13: A best-fit plot between ST and observed Plastic Strain.........ccccocceeevceeverccrneeniennen. 83
Figure 4.14: Rock load height measurement through numerical modelling. ...........cccceceeveunennen. 85
Figure 4.15: Relationship between rock load height and CRI Classification. .........cccceceevveeennen. 87
Figure 4.16: Observed Rock load height for various depths and widths of the gallery .............. 87

Figure 4.17: Measurement of rock load height using the zone of plastic strain from numerical
modelling (a) Piparia mine, (b) Monnet Ispat Mine, seam III, and (c) Pinoura Mine (d) KTK 6

mine Seam I1I (e) 5&6 incline, Shyampur Mine. .........ccecvecuerieriiererieieneeeie et 90

Figure 4.18: Plot of residual analysis (a) Distribution of raw residual (b) Normal probability

PLOt OF TESIAUAL ..ottt ettt e st e s e b be e e e st esseeseneesesens 94

Figure 5.1: A typical Roof failure process in underground coal mines (modified from Gao &

Stead, 2013) i e s 98

Figure 5.2: A stress-strain graph (a) typical behavior of rock(Gadepaka et al., 2024) (b)

0DSErVEd N the 1aD TEST...ccueiiiiiieieeeeee ettt e st ere e 99
Figure 5.3: A typical Strength parameter reduction with time. ........c.cceceevevercrinnenvrciereeeen 100
Figure 5.4: A 3-D model of an underground gallery ..........ccccoevervrnennnnneninienneceeeceeee 104
Figure 5.5: Flow chart of time-dependent numerical sSimulation. .......c..ccccoeveeirveencneniencnenne 107

XXxiii



List of Figures

Figure 5.6: Strength parameter (m and s) reduction with time (t=500) for case no. 6 (Eastkatras

Figure 5.7: Vertical displacement profile of the gallery roof at different ages (case no. 8

Bhelatand COal MINE).....cccuieiieriieiieiiee et eiese e e ete e e e e et e e e e tesseesesesesesrsaeseessaessnesseessesnsennees 111

Figure 5.8: Vertical displacement profile of the gallery roof at different ages (case no. 6

EastKatras COAl MINE).....ccveeciieiieeieeirieieeteeseesteestesteetaeeseesae e essaessessssesssassseesseesseanssenssenssensses 111

Figure 5.9: Vertical displacement of coal roof with time (case no. 8 of short-term stable cases)

Figure 5.11: Comparison of numerical-simulation results with field observations, with case

numbers, (a) for short-term stable cases and (b) for long-term stable cases. ......c..cocceerveerrennee. 115

Figure 5.12: Comparison of numerical-simulation results (predicted ST) with field observations

(ACEUAL ST) ettt e et e e e ee e e be e e ta e e s saesesseeesbaesabeessbeeesbeesnseesnsesansesennseens 116

Figure 5.13: Flow chart 0f the StUAY.......cccvoieririnieireeeeee ettt 117

XXiv



List of Tables

Table 2.1: Various Rock Mass Classification SYStemS........cccecueevieerieeniesieenieseerceeesreeieesseesveenns 12
Table 2.2: RMR classification (Z. T. Bieniawski, 1979).......cccceviirriiniiinnenieriieie e 16
Table 2.3: Ratings of the ESR (N. Barton, 1974 ) ......cccceceiirirnienerieieresesiee e 18
Table 2.4: CMRI rock mass rating parameters (Venkateswarlu et al., 1989). ......cccccceevervvnrennne 23
Table 2.5: Existing approaches for stability asseSSMENt. .........ccecverveeeeriereeiriesenieseneneevenaens 30
Table 3.1: Data set for 44 Indian coal mines (CMRI Report, 1987). ....cocvevvirrvienieeneinieirieeieeene 35
Table 3.2: Indices for the Parameter 'SF' (Venkateswarlu et al., 1989)........cccceeevervienvennencenne 38
Table 3.3: Material properties used in numerical modeling.........ccecueevererierierieniesienenceseseenenn 43
Table 3.4: Statistical data of observed RLLH for various dimensions and depths of galleries. ....44
Table 3.5: Summary of Regression ANalysis.......ccuececerierierierieerierieierese et se e 45
Table 3.6: Rating System for Rock 10ad factor .........coceevvevieieiinsieniinirccee e 46
Table 3.7: Statistical data of the selected 44 Indian coal MINES ........cccvvereerrervernereneerecenenennens 52
Table 3.8: Multiple regression analysis (MRA) SUMMATY........cccceeeriierierenrieneneneeiese e 54
Table 3.9: Rating system for CRI classification. ........cccoecverieriiersensiieneeseesiiereesee e 57
Table 3.10: Classification of coal roof rock based on CRI values and ST ........ccccccevevverrenennne 59
Table 3.11: Comparison between CMRI-RMR and CRl.........ccccocevievininienenriieeseniecescaen 62
Table 3.12: Four Indian coal mine cases considered for validation. ..........cccceeeverneiencnienennen. 64
Table 4.1: Geometrical and Geo-mechanical rock properties used in the model........................ 75
Table 4.2: Observed plastic strain for all 35 Indian coal mine cases.......c..coceevererveereerceeneeneenen. 84

XXV



List of Tables

Table 4.3:

Table 4.4:

Table 4.5:

Table 4.6:

Table 5.1:

Table 5.2:

Table 5.3:

Table 5.4:

Details of geometrical and geotechnical data used in the numerical model. ............. 89
Comparison of rock load from numerical method and empirical method.................. 92
The t-test for the CRI-based rock load model.........ccccevrveeininicieineneneecreneene 93
ANOVA test for proposed Rock load equation .........ccc.eeceveereenenieneniecienienieenene 93
Various immediately failed and short-term stable Indian coal mine cases. ............. 101
Various long-term stable Indian coal mine cases. .......ceccevuererrerrereniierereeene e 102
Predicted ST for various immediate failed and short-term stable cases. ................. 113
Predicted ST for various long-term stable Cases........cevverrrirrrenieriieieenereereieeeenees 114

XXVi



List of Abbreviations

CRI
RMR
CMRI-RMR

CMRR

LTH
SF
Gw
SDI
ucs
FOS
GSI
RLH
M-C
H-B
RMSE
PZ
ISRM
FDM
FEM
DEM
FLAC3D

TDEPPSS

Coal Roof Index

Rock Mass Rating

Central Mining Research Institute — Rock Mass Rating
Coal Mine Roof Rating

Rock Load Factor

Layer Thickness

SF

Groundwater Flow Rate

Slake Durability Index

Uniaxial Compressive Strength

Factor of Safety

Geological Strength Index

Rock Load Height

Mohr-Coulomb (failure criterion)
Hoek—Brown (failure criterion)

Root Mean Square Error

Plastic Zone

International Society for Rock Mechanics
Finite Difference Method

Finite Element Method

Discrete Element Method

Fast Lagrangian Analysis of Continua in 3 Dimensions

Time-Dependent Elastic-Perfectly Plastic-Strain Softening

XXVii



XXVviii



List of Symbols

m, s, a Hoek—Brown strength parameters

oc Uniaxial Compressive Strength

ov Vertical Stress

Oh Horizontal Stress

y Unit Weight of Rock

H Depth of Gallery

w Width of Gallery/Roadway

h Height of Gallery

D Rock Density

& Plastic Strain

€ Strain

MPa Megapascal

R? Coefficient of Determination

Mym H-B Strength Parameter m for Rock Mass

Srm H-B Strength Parameter s for Rock Mass

My Reduced H-B Strength Parameter m after t Time
Srmt Reduced H-B Strength Parameter ‘s’ after t Time
p Strength Reduction Coefficient with Time

t life of the Gallery

XXix



XXX



