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SYNOPSIS

Most current practical methods of assessing the strength of jointed rock masses are empirically
based. While these empirical criteria usually provide workable solutions for designs involving rock
masses, they do not explicitly model the failure processes occurring within the rock mass or
provide a basis for accounting for anisotropic behaviour. They also provide no real indication of
the level of conservatism of the design unless correlated with previous, site-specific experience.

Previous studies aimed at improving our understanding of rock mass behaviour have incorporated
laboratory techniques, case studies or numerical methods. This study extends the laboratory based
data by examining the behaviour of jointed, soft rock mass samples in direct shear. The rock mass
samples tested in this study were fabricated by cutting smooth joint sets into a soft, synthetic
siltstone. This investigation required the development of new procedures and equipment for

fabricating and testing the rock mass samples.

The data recovered from this testing were used to identify and model the displacement and failure
mechanisms occurring within the samples. The observed pre-peak behaviour of the rock masses
was found to comprise either sliding along one or more of the joint sets or rotation of a portion of
the rock mass defined by the jointing pattern. All samples ultimately failed by shearing through
intact rock coincident with the shear plane defined by the testing apparatus. Mechanistic models of

the sliding and rotation mechanisms were developed.

The direct shear tests were modelled using the distinet element code, UDEC. The UDEC
simulations replicated the displacement and failure mechanisms observed in the laboratory tests.
The shear stress at failure calculated by the UDEC model also compared favourably with those
measured in the tests. However, the calculated displacement and dilation at failure did not agree as
well with the test results. Nevertheless, it was judged that UDEC satisfactorily replicated the
mechanisms occurring within rock masses undergoing shear and therefore had the potential to

provide accurate simulations of more complex rock mass behaviour with the appropriate choice of

properties.




TABLE OF CONTENTS

SYNOPSIS i

TABLE OF CONTENTS iii

STATEMENT xi

ACKNOWLDEGEMENTS xiii

NOTATION v
1 INTRODUCTION 1 i
L1 GEDETR v cenernsterssmsesrssesssmsrssessneriss e O, 1 %
| 1.2 Background ......cccoeecrcerrneee - tettaneressbesterenessantseestonaraee 2 E
| %
! 1.3 Significance of this STUAY .....vereeeeurvrerrcrnsnsssaneressssnrsssessssresesses reerisasanerssasiraaessesaens 6 rEg
1.4 Aims of this thesis ... 6 E
L5 Outline of this diSSErtation .........cumsesisnsmcersssmersiseniorssnssrssssinsssmsssssssesssses 7 i
2 REVIEW OF ROCK MASS STRENGTH 9 .
| 2.1 Introduction..........ueesnn . srecorsesssrirsasassansasesassasets 9 “%
22 Analytical studies.......... e s it
I i
| )
2.3 Empirical SIdies .....cceevorecerrrrocn et ek e e e e 13 .
2.3.1 Rock mass ClassificAtiON SYSIEMS...cucveveerrsrerssvereasssarersasrsssssensrrassesssressseresonsesssasarsssases 13 é
2.3.1.1 The Rock Mass Rating (RMR) SYSTEML......ecoverersierrurensesrsnensrsssissesnsaresassamssnsssasesas 14 i
2.3.1.2 TheQ system..... eheeLeeIeNeRE LT LOtsE BRSNS o0 e TR SRR RSO R O Os O S e R A AT R bR E 15 ;-

2303 GSISYSEM.crrornvroorscocscrmssscssissssssssessssssessene 16

2.3.2 Rock mass Strength CTHEria ... iieciineiiiseieiinriisisis s asssssasessessassasesssssssrssnser 16

2.3.2.1 The original Hoek-Brown CriterioN ...cceiveenrireiesvennecnessernesssnensarnas w16

2.3.2.2 The modified Hoek-Brown Criterion.........ocevviverrrerisvesssrsessesmesenssvrsnssamssssssnsassasses 18

2.3.2.3 The Hoek-Brown Geological Strength IndeX (GSD)...ocvvecrveeennenininnersnssnnssneanronses 20

2.3.2.4 Rock Mass Index (RMi) censreeranas S — .26




2.4 Laboratory SEIAICS. . ....cvrieeminricsnssesinininississssssirssisasssessssessssissssasesasses senn 27 5§ SAMPLE PREPARATION 67

P 241 INIOAUCHON. c.cveecccrarensersasrassssnrssstssrssremareasesessersrssssmassesassarsassrsmasasssserserasnassesassns 27 By

c 24.2 Triaxial and UCS testing.... s 28 31 IETOQUCHOR oottt e
g 24.3 Direct shear testing...... feesrerrrie e e AR SR T oA bR bbb s han e e bt anis 33 5.2 Sample MALETIAL.......c.cierisvinesariseasessecsssiossasmrsserrssssassssstss s rssssstsssasassensrasissssnassass ssasnros 63
? 2.5 Nunierical modelling studies ... ressee AR s SRS RS RRR A RS et bderer s 37 5.3 Johnstone manufacture , " . 69
1 2.5.1 Numerical MELhOAS .......c.ccvvivirmminimneminimrisssiissssisssiimssretssrorsrstossestssssssasisesnenares 38 53.1 Johnstone ingredients SE—— - .69
2.5. L1 Contimum MEthOdS ...veicecienanisirramrenrestsersssrsesnersssnssesssersassmssssrrssensamssasassasanases 38 5.3.2 Johnstone batching process SiunibessessiRimsRSSERseASIAASEsisRARRREPYRsRSSIET TR R R RO 71
2.5.1.2  DisconfinUtm MEhods ......ceerenenmnisiensnsims s secssiasssssssessasmas 39 53.3 Johnstone block production......... resbsarsaRsuRa bt s tR s SRR bR SR a RS SS PR e s sn LSS 71
2313 Reviews of DUIEGCAl MENOMS v vrmreermrsrirs st s st et 40 5.4 JONSIONE PrOPLTHES......ccerveeivncusrrcsisiinessssisinssssasrsinsasssssessesissssarsosasaasssansssasssssrsssssaranssssssnase 75
2.5.1.4 Numerical modelling of direct Shear te515....uivirrvnrcerrrrsrenrreersesssssiossssassesssseransses 43 540  Saturaied MOISHES COMENt oo 75
2.6 SUMIMIATY ... soressesessssssssssssssssnsssssssessssssssssssossesssssssessmeessessssssssmssessssessossesssoersereeses 45 542 UCS and modulus testing ...........c.ov.n oo s s nsi e 75
, s DIRECT SHEAR TESTING . $5.43  BIAZUHAN 1ESHIZ, errromerrsrreemeresssoseeoesessesseesissssssssssessssssssnsssessnsssssisssasssssssress 78
5.4.4 ROCK (rIAXIA] (ESHNE. ..ervvrrerrrerrirasersersaesersrsrsrsrsssssssarsessinasenssssnsassonsressssss ssnssnssborsasssenss 78
' 3.1 TRUTOAUCHION oo eeeeeeeeeeeee e e e ese e ess s et se s e s e ee s e et s ee e et ee e e ettt e e e e e e e 47 5.4.5 ROCK JOINE PrOPETHES ...covireressicrirerneissaisisnsisssssssessisiesssesssimsssasissesssrsiaasssssorss snssassssassinn 81
| 3.2 Field CONMIHONS..vvvvrsuvsvessssssessressssssssssssssseessssesssssessssesssssssossssrsesessesesseseerssesmeeseess 48 3.3 Jointed rock mass sample fabrCALON v cenvsssnrrs st ssris sttt 82
5.5.1 Cutling apparatus.........ccereceareserecirresasmsesnssassesenessessoss reeesirevestastennrissaasentinis 82

3.3 Previous studies using direct Shear tesS .........ccuueniicrnenienmissirinsneresrsssssmesssarssnressesons 49
55.1.1  BricKk saW....ccsirrcrermeininsssssiinssserossorsessssssssonsinns eerersbisensastsasssrivs 82
3.4 CNS and CNL CONAILIONS «...ooiiiiivuscisimmmsisencistisnimosissisiissssiossssscsssanmmssssesstsssssssrassssssnsnssssess 51 5.5.1.2  BIOCK SAW ...ouecurecissiitsiesisenssnssemesssns osssrsssmssssissssnsssrassssassenassensiresatsoss sesmssssressass 82
3.5 Monash University direct shear apparatus ........cooesersevcrrivsnenns evresesistnsnesastesertstrasans 53 , 552 Cutting procedure-Type “A” BlOCKS ... rissssseomsisssiinicmmsisenssisssiiss s 83
3.0 ShEaT DOXES cuicrverrrerirrerartecsessessemesssesssarostsstiosmtsssassrssssanonsessassisessessars sossssssssas sossernansassressnsmenen 55 333 Cutting procedure-Type “B” blocks......... prmmm—— »
361 TYPE “A” SHEAT DOX w.eroevrrsrsrssrsessete e sessessees s sentrsensene 55 - 334 Rock mass SaMpIE BSSEMBLY v »
3.6.2  TYPE “B” SHEAT BOK covrrnnrnerereeeeesiveveeersssesseessessessssessssesessssssssesasmsssssssessessssssssesssames 56 3.3 Shear test procedure-Proparaion v prmm— 2
5.55.1 Type “A” shear testS.....coecrvrererenionas - teresreressenesstsetaresnantiriasstestarn s resaers 92
C 3.7 SUMMALY w.oecriirieiessreriniersiitssisesssssantsss st srsanens s sssstssseesnsrshasasaisassases b st sasesassssbsonssenas 59 5552 Type “B" Shear testS ..musoromersron . .93
4 LABORATORY TESTING PROGRAM 61 5.5.6 Shear test procedure-EXECULION .uuuiiiirreisirserisressssrsnissssrassasesssssssusrsrssrnssnmscsisnssssssssssesass 94
5.5.7  Shear test-tidy UP....ccccerirrirnencsisrmssansssssssssisnissessnssunstssmsssssssas snssssass sisassnsarssssssranss 95
4.1 Program ODJECHVES....ucevvsiiriisiireisessessnsassinsssnissasssbsssesonsonsass snsssassasssas ssssssass sasssusssssresnasasss 61 5.6 SUIMUTIALY w.vvveorrerermrsssessecseessmsesmeesesesaresstessessesssossssmsssssssssressisesessessssssssesssissssassasssssssssssissesss 95

4.2 TSt COMTZUIALION ..ovveverecvssecseescesesassasissessisessssnssoctssssssmsssosssnsontassasmmesensssosserssasasessesseserssmnes 61
_ 6 RESULTS OF DIRECT SHEAR TESTS 97

4.3 JoINted rOCK MASS TESS .. c.ceuriveererecsiissresiresisniiessnsersaenesssrssssnsasassterseransesarnsassosstassasonsenssassommes 63
A3.1 TYPE “A” (ESIS vrrrrerrreerertsseoneeeeesesseesseeaseessessrmessesssssessesssssss s sessssssssssessssesssmmsesoen, 63 6.1 TIIIOQUCHON weceerevrersssenrecesieesssesseasesesssrsssessastos 38845880 R8RSR 0 4
432 TYPE “B7HESLS covverscscssseensssssmsssssssssssssasessosssssssossesssasesssesnsssssessssessssesescsesssssssss 64 62 Consolidation phase .......... e o 97
4.4 Summary of 1aboratory testing......ccceresirrecrirrersensesesseeersesessons . w0 05 ;: 6.2.1 INroduction ceeecesicisisssssmmcsiensississsssnssiranes Tesen saemeneseassasenenes 9
6.2.2 'Application of initial ROrMAl SITESS ........ccceieiiinssinrassasiaenrossssssrsensssarenssasastassssssssssnrasases 98
6.2.3 Vertical displacement resulting from normal stress .......cccocoeeinienonnes . 98

Ty A PN M e A o Y e T L




DOoRAD

6.24 Vertical displacement with time .. reerreeseeneressasasaresierssarsstsnns 99
6.3 SREAT BENAVIOUT ....cccreriurriieiinssassesisssssimessssassssorsssssssssssasstssssssssnssasersasstisanasasssssssasassnasssasanss 103
6.3.1  Initial Phase (A-B) ...cveerireriminiessiensatississsinssisissssnsratesnassessisssissssassersrssessronss 105
6.3.1.1  Shear StTESS VETSUS NOTTNAL SITESS wvveuerecaeeisrsnrssiessimmssssisssesssssssssosrerssssssassarasssnsenes 105
6.3.1.2 Shear stress versus shear displacemenit.........cocviiirvorisnsimsnnienmssnsissssriesrossses 105
6.3.1.3 Dilation versus shear diSplacement.........cccverrmiivinrienressiinsaresssssinssresscanasesrenes 105
6.3.1.4 Nommal stress versus shear displacement.......covivevniescnissenisnssnsrssosanisennen 108
6.3.2 Pre-peak phase (B-C) ...cuvecmermninmmmirissnsimsmmsssmssssssisrasssssasassssssnaronssossonss 108
6.3.2.1 Shear stress versus NOIMAl SITESS ...civviiierirriresisimrconerssissnsssissmsensisssssanssassasssssasns 108
6.3.2.2 Shear stress versus shear displacement......ccviiiiniinisescss s 113
6.3.2.3 Dilation versus shear displacement......cco.ooviviinereeninnrenisnnmeneeenesterossisae 114
6.3.2.4 Normal stress versus shear displacement.........ccivvcevnrcisiiesiiiseirsssiorsmasses 116
6.3.3  Peak phase (C-D) ...cucimrsrcinerini s snsssteis et s issss s s s st sesmsisna s e sse st st snasssensos 116
6.3.3.1 Shear stress versus normal SIESS ......oevcveierermsenenvrserannes DRI 116
6.3.3.2 Shear stress versus shear displacoiment ... ..o rsssssssnessn 116
6.3.3.3 Dilation versus shear displacement.......coov v ereniievaerireconesssanssnassasnans 116
6.3.4 Post-peak phase (D-E) ....icvecmmmeninnieiminicsrscnmissssmsssosmnnasi s ssesees 116
6.3.4.1 Shear sStress versus NOTMA] SITESS co.vveer. seesmercrvssinssasenirssresirsssserarsaressassaavassressases 116
Shear stress versus shear diSpPlaceIMeNt ....coviriiirniirire ittt arssssenssnassssasassssssssenssnss 117
6.3.4.3 Dilation versus shear displacement........ccooviiiniiniininieenssasssesssorss 118
6.3.5 Progressive fAIUIE .......vivmerievimisnicinsiserssre s ssrars st ssessssssssssssssssasresassas 119
6.3.6 Summary of rock Mass BENAVIOUL......ueveveviiieetosiesisiinessinsssiessisisesisssanmsssessarsassios 122
6.4 Observation of pre-peak and failure MEChANISINS......ocvvvererernssesscsrsmissssesisiisssssaressissesseenns 123
6.4.1  TNTOCUCHON ... vecveverernrrrerneseessssnarsrnsronsssnas seaneossasisssesssssesmsrsssssrnsarssssessasssasrarsasssratsesssns 123
6.4.2 Sliding followed by asperity Shear......u it sntssssse 123
6.4.3 Rotation followed DY ShEar ......cummeiiomiiinsinisimisisismssiesninssessiarossasrsssossessse 125
(643,01 SUUL SHAT vrceersereereeeesrns s sssesesssse s s sssssss s s ssnsssessssrens 126
6.4.3.2  BlOCK ShEAT....ccuveveriivaresceemreeneesistncsseansatsssissssnmssssa e ssrssrasssassasnatasssmansamasnassassosess 127
6.5 Influence of parameters on sample behaviour ... evnrcrrreicieninecns 128
6.5.1  JOINE INCHNAHON. ...ccvermrireenrrestesssersesastasresserssrtnsiessssnessrarsassssasesrasnerasssnsannsasesssassasasssess 131
6.5.2 INtact rock SIENEH ........cocivrnurirmrenisiiesoissssssne i stssnsressssssesssssnesasnssrsnssasion 140
6.52.1  TYpPe “B” eSS ccrirerseiersssarenssinsesssisereaseciscnsasssonans ..140
6.5.2.2  TYPL “A” 1BSIS.ccccreresrcrrrcrerssirssinasesensassisssisssssansiass s sasnsnresnsssssesesasnsssranssassassesens 145
6.5.3 Sub-Parallel JOINtNG.......ccccceriermirormscnisinioressasenasarsssasesssssairssssensssivessonsasarssnnes 146
6.5.4 NUMDBET Of JOINE SELS...crercrrirsersemsrnssnsrsasrasssssarsssnsatsassssnisssierssnasisrasesaiasisssssasssossrsssasess 151

8

6.5.4.1 Type “B”tesis........ erstaessesbers e ie Lo st s ah SR AES S HRSR S RO TR TSR SRRSO aen s 151
0.5.4.2  TYPE “ATBSIS . ccreeereirrsnns e sssseseassessssssssssnsessasssnssessasean 153
6.5.5  JOINt SPACINZ ...eviviririnrertraireensivrescsnseessncsenss Heerseishbe it arssra s s e ke aserareraensan 154
6.5.5.1  TYPE "B LSS ..cociicicenricriinsnniiersionmsrsrsssesassasorssssonessssossasasssmamasssssrosassonssssranes 154
0.5.5.2  TYPE A eSS ... ercteremcstrn et s e reesr sesens . 158
6.5.6 Initial NOIMAL SITESS........cotirireiiccinnisecresiieanassnerersssiesesssssrsrarsasssassressassessassionsasseenes 159
6.5.6.1  TYPE “B7 eSS oorciresinseirsernnrcnrrnrescssienserssaseassonsesseseasssonaras 159
6.5.0.2  TYPE “AVBSIS ... ecemmsssesennrnseinesstersneasesassrassemsesssnssssmsssessemsares s emanes 162
6.5.7 Rock Mass GEOMELITY ......ccceeevrerirernenessnssrisesssssasesissssssnssessensranoreressessassenssnssstessossreses 163
6.5.8 Summary of the effects of rock mass parameters on rock mass behaviour................ 167
ANALYSIS OF DIRECT SHEAR TESTS 169
7.1 INIPOAUCHION ...c.covettretstimiereccnarrnssrecssasessesasesrsesesaessassnssssssssstsrerassaroreesassosssenonssssassssnsntsense 169
7.2 Analysis of pre-peak and failure mMeChaNISITIS ... ..ceereereerreiniinisisscsssessssnsnnessestosasessasssnnss 170
7.2.1 Failure by sliding / asperity Shear......cuuereesieciiei st scsts s crereeeeemnesaemseessrennns 170
7.2.1.1  Shear strength for SHAINEG .....ocecciiiniriiniciirineeneesiesssssnssessmsossesesesressssossesseanas 172
7.2.1.2  Shear strength for asperity shear.......cccveciriivrnmne s cessrirssssesssissseas 172
7.2.2 Rotational behaviour................ remruseeesoeabisS s rn e P e ssas s e s 44 e TSR PSR A Sk Hm e 178
7.2.2.1 Pre-peak behaviour of rock masses containing three joint sets........ccoeuerrenne... 185
7.2.2.2  DHBHON ... evcerciseenireicronsnssonassisssesisosasssnerssmnssssisssssissesnssessnsesssnsssersnsseresssssssenes 186
7.2.2.3 Pre-peak behaviour for samples with §;745% ...........ccieivenniinecssersnoeessesssenes 187
7.2.2.3.1. Pre-peak behaviour for samples with 8,=45° and closely spaced joints......... 188
7.2.2.3.2. Pre-peak behaviour for samples with 8,=45° and widely spaced joints. ........ 189

7.2.2.4 Pre-peak behaviour—sliding or rotatioR? .......eeceiiinierorcressssiarerons .. 190
7.2.3 Shear failure through a strut or BIOcK. .....veeciiiiiciimrrnnsinrs s sevensassrransesssens 192
7.3 Comparison with Hoek-Brown GSI Criferion ........cocviericinveicvnne crnrrsnssinssensrsssassesssssseses 196
7.4 FAilure in TYPE “A7 1055 . e cemreeeercreeranssocresissemsssssssrecsassessssssesssssassrassssmesasssssasssasesasassnss 199
7.5 SUINIMIATY .ooreireiienisonie s e ceteensssntenssensananisssnsssasasatasasssssenasessnsessoseasssennsnesis smersessnsseasrssesnes 201
UDEC MODELLING OF DIRECT SHEAR TESTS...... 203
8.1 INIPOUUCHION .o crrcrrevreriessniaissaintasssssaesienasssss s sressisssssssstsanassessss yastronsserensrnss inaseraansensanans 203
8.2 Development of the UDEC MOUEL .......c.ccciiemiiimcissnroncercresnrsrersisesesssesssissssseressssssssons 203
82.1 MOl GEOMEITY ot sttt cresensenssnarssrnerss susrsssresatsassiress sorsansanssssas 204
8.2.2 Material and joint constitutive models and Properties ...........o.erevinverssssnarnrsaresseser 207




oo SAT

8.2.3 Boundary CONQIIONS ....ocuivrieiininisieceieesensatssissssssensissassisssssissssstsisssessssssssssssassnsssasss 209
8.2.3.1 Initial horizontal SHEss, Opiuccnimisnssressinimsmsimmsasertimmsessi soam s 210
8.2.3.2 Initial NOIrMAl SIrESS, Guiieecieircecrninisessiscimmansserassssnessissssssistsressessossassassssnssnasss 210
8.2.3.3 Horizontal VEIOCItY, XVEL....ciciiinirinsisnnnssernsmisnssssiisemssssssasisssrase s ssnassses 213

8.2.4  FISH TOUUIMES c.cctiiiiereniecssesnarstssissssnovsssonsonssmass insssnasisasessnsssssssissssseshest sisn ssassesatesssntsasss 214
8.24.1 FISH routines to set up gridpoint AITAYS ..c.vcciiiviisissassermnmsssesanssssssnssssisessssnsses 214
8.24.2 FISH routines to measure displacements and StrESSes ......ouvvvurrmsismecmancsnsans 216
8.24.3 FISH routines to apply CNS conditions.........cemenninnnnimsninsonane 217
8.24.4 FISH routines controlling the program .........ccusimiissssessssssssssissssassssesasanansaos 218

B.2.5  OUIDUL Of TESUIS. ..coirieiaersiriinecseerissessesscanesarssssinssiessssonssssarasisstatse esssess sess sassssasasanessarion 218

8.3 Comparison of test and UDEC OULPULS......ccocrererrsterssimminemssisinissestimiam st nsassasssnsssssssonss 219

8.3.1 Pre-Peak and failure behavioUr ... .ccccveerncrnrmssesineiiasi s sassssss 221
8.3.1.1  Sliding / asperity Shear ... icecienenrrrireien e mssesissin s s st ssasssste s assosaisss 222
8.3.1.2  RotatON / SIUL SHCAT cveciierieiunissrrinressessasrossiossessisssssssessssarsssssasarsssssassssssissanssassns 226
8.3.1.3 Rotation/block shear .........ciiircierocecennciicaeninens rreresaresisaseeerisnarasssrnsennerens 228

8.4 Overall PrediCtions. .. riiiicienissnssissmsimemsnisssssssinorssreies st sasssosseorssaimssisisnssresssissesnessras 230
8.5 Parameiric study using UDEC model ......cc.cccvevmnmerimnsimsncnmnesinmmenmssiecsorsosssssisorsassoens 231

8.5.1 Effect Of JOINt SPACINE ....c.ovvicrceiisinreirmrsesssissisanssriatssssiisasssssrosssesisssssssssnorsresssrenassasacses 231
8.6 Extrapolation of UDEC model t0 hard rock mMasses.....wcssuimmssiessommammisnicserones 234
8.7 SUMMMATIY 1iriccereecrrirecrormirieeeremrnisnrinssiastesesensarnrsssnessstst s srasstons sessssausabss sbssesasssbiseasssnsessissssastisns 239

SUMMARY AND CONCLUSIONS e 241
9.1 Development of equipment and teCHNIQUES ..........ccveniiirimmn s sinessaes 241
9.2 Observation and modeliing of rock mass behaviQur..........ceiiieiinnimnoinmen. 241
9.3 Effects of varying samplc parameters......cuceecssrsminsnsmonmesassmsrisssnrssssesssresinisassssass 242
9.4 UDEC MOGEINE ...cocoreriicniimminnieiscimieciniissassssissssstssesrssessssissismssssnerssissssstnsnnssasssssessasess 242
9.5 Limitations and further research .......c.icvmuereiconisnnminsmioississessessssmsorsssssssssas 243

9.5.1  ROCK MASS BEOMEITY ...cvevermreesvrcsmisrurisrisreerssssmrsssmosetreassssrassssssssnsanesvasserssmserssssesasvassons 243

9.5.2 Joint inclination and SPacinNg........cuuerersesssenisiiisinen i ssssssssssses s sss s sessensans 243

0.5.3  JOINE PrOPEILIES....ccoiiiecrarrceiessneereniesiiosesasaresersssnerssassensessnsaesseseresasssssasaserassasrasassostass 244

9.54 Refinement of strength CTIEIIA ......cvcecrerrierisrcrom et sssssessesssesst sssssssssnes 244

9.5.5 Improvement of numerical model........ii. 244

9.5.6 Application to field studies................... reraes et st esene e st rassissbtans 245

viii

10 REFERENCES 247

APPEND‘[X A ...... LAR LA RALLL ARl N PR R I LR AR I AR R NI ] ..'.0.l.....0“....0.........“.’.‘...I......A‘l
APPENDK B.'QI"... ............ LAR LA R RS R AR R R R N L R N R R R Yy R I IR Y N R R Y R I NN YT R TR Y B-l

APPENDIX C....l.l‘.l...."....‘ ............... ARLL AL AL I LRSSl Rl T AR L] LLLLE L} Q...ll..'l..'l..l..l..l..ldc-l

Wﬁ?@&mﬁa@w“ﬁwwﬂﬂ@ﬁ#fﬂ%*f-:'g»‘;«ah}é;"Cf 17

RS




t
¢

STATEMENT

This thesis contains no material that has been previously submitted for any other degree or diploma
in any university. To the best cf my knowledge, this thesis contains no material published or

written by others, except where duc reference has been made in the text.

Jerry Szymakowski




N

Xit

ACKNOWLDEGEMENTS

I would like to extend my sincerest thanks to the people that have assisted me during this project.

Firstly, I would like to thank my supervisor, Associate Professor Chris Haberfield, for his support,

patience and understanding. His practical attitude and keen inteHect to all matters were
appreciated.

I would also like to thank the staff at Monash University who assisted me during the experimental
program. In particular, I'd like to acknowledge the prompt assistance provided Graeme Rundle,
Jeff Dodrell, Len Dodreli, Roger Doulis and Don McCarthy. Special mention must be made of the
skills of Roy Goswell, who did an outstanding job of building the Type “B” shear box.

T would also like to thank the postgraduates and staff at Monash University with whom [ was able
to discuss and get feedback from my work, especially Sarah Richards and Bemnard Francis. Other
people that provided useful feedback were Mike Coulthard, who provided assistance with
developing the UDEC model, and meesgor Erling Nordlund, with whom I had many fruitful
discussions during my visit to Luled University of Technology.

I am grateful for the financial support provided by Monash University and the financial assistance
from the Australian Research Council for the funding of this project.

Finally, 1 would like to express my deepest love and gratitude to my family in Perth and in
Melbourne, especially to my wife Katie and daughter Jasmine, for all of the love, support and
encouragement they have given me, in particular over the course of this projeci.

Xiii

e 23 S RN T
B R e ST S T L




tc
tc

CaCl,

Ca

CD

CI

Cm

CNS

DBEM

DDA

de

NOTATION

empirical Hoek-Brown constant depending on composition, structure and joint .
surface conditions of rock mass (Hoek et al., 1992)

included angle between joint sets

constant used in Johnston criterion (Johnston, 1985)
Boundary Element Method

constant used to calculate X, (Skinas et al., 1990)
cohesion

2 mobilisation factor between 0 and 1 (Lajtai, 1969b)
effective cohesion

calcium chloride

cohesion of discontinuity (Priest, 1993}
consolidated, drained condition in triaxial tests
cohesion of intact rock

Confidence Interval

cohesion of intact rock (Priest, 1993)

Constant Normal Load

Constant Normal Stress

Dual Boundary Element Method

Discontinuous Deformation Analysis

displacement due to elastic deformation
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Discrete Element Method

incremental shear displacement

dilation \

Yeung's modulus

secant modulus

Finite Difference Method

Finite Element Method

inbuilt UDEC programming language

Finite Lagvangian Analysis of Continua

shear modulus

UDEC command to form zones within model
Geological Strength Index (Hoek et al., 1995)
angle of inclination of saw tooth joints (Patton, 1966)
International Society for Rock Mechanics
joint alteration number (Barton et al., 1974)
joint set number (Barton et al., 1974)

jointing parameter (Palmstrom, 1996)

joint roughness number (Barton et al., 1974)
Jjoint water reduction factor (Barton et al., 1974)
normal stiffness

bulk modulus

maximum stiffness (Skinas et al., 1990)
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length of rock mass (Skinas et al., 1990)

length of shear surface through an asperity

contact length of asperity

FISH function to identify zones within load cell in lower left end of shear box
lever arm between normal forces

lever arm between normal forces for block rotation

lever arm between shear forces

lever arm between shear forces for block rotation

Linear Variable Displacement Transducer

constant used in Johnston criterion (Johnston, 1985)

empirical Hoek-Brown constant depending on rock type (Hoek and Brown, 1980a)

mass of smallest block in UDEC model
saturated moisture content

empirical Hoek-Brown constant depending on composition, structure and joint
surface conditions of rock mass (Hoek et al., 1992)

empirical Hoek-Brown constant depending on composition, structure and joint
surface conditions of rock mass (Hoek et al., 1992)

UDEC function that captures screen dump
Modified Rock Mass Rating (Meyers, 1994)
normal force

nomnal force acting on shear plane

global normal force

mean stress in triaxial test




P axial load within a strut supsolve FISH function to call supstep routine
t
t PEC parallel flange channel supstep FISH function to call routines to calculate stresses and displacements
1
'
[ Q rock quality as estimated from rock mass classification system (Barton et al., 1974) szz out of plane stress (UDEC)
q deviator stress in triaxial test , top_array FISH function to calculate dilation of top of shear box and additional of normal
: stress
Qu intact rock strength (Johnston, 1985)
top_disp FISH function to calculate y direction displacement of top gridpoints
r radius
top_gridpoints FISH function to identify gridpoints at interface between shear box and top of
RMi Rock Mass Index (Palmstrom, 1996) sample
d RMR Rock Mass Rating (Bieniawski, 1973) T, tensile sirength of intact rock (Lajtai, 1969b)
pm revolutions per minute ucs Unconfined Compressive Strength or Uniaxial Compressive Strength
RQD Rock Quality Designation (Deere, 1963) UDEC Universal Distinct Element Method
RSR Rock Structure Rating (Wickham et a]., 1972) UDL { Jniformly Distributed Load
s empirical Hoek-Brown constant depending on joint spacing (Hoek and Brown, w water content
1980a)
: xvel x direction velocity (UDEC)
S shear force
- B inclination of failure plane through an asperity from the horizontal
S shear force acting on shear plane
.. ' 50, change in rotation angle
( side_disp  FISH function to calculate x direction displacement of side gridpoints
Ao, Ac, change in normal stress
side_gridpoints FISH function to identify gridpoints at interface between shear box and lower left
end of sample AGnae change in normal stress due to elastic deformation
side_stress  FISH function to calculate x direction stress on load cell AGuy) change in normal stress due to dilation
S, Cohesion of intact rock (Lajtai, 1969b) Ar change in radius
SPW Single Plane of Weakness (Jaeger, 1960) At timestep (UDEC)
SRF Stress Reduction Factor (Barton etal., 1974) Ax shear displacement calculated by UDEC using timestep and xvel
Ss global shear force
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Ay dilation major principal stress

" friction angle major effective principal stress at failure (Hoek and Brown, 1980a)
¢’ effective friction angle peak stress required to fail a rock mass along a discontinuity (Priest, 1993)
da friction angle of discontinuity (Priest, 1993) _ peak stress at fajlure
&i friction angle of intact rock | peak stress required to fail a rock mass through the intact rock (Priest, 1993)
d; joint friction angle | intermediate principal stress
dm friction angle of intact rock (Priest, 1993) . minor principal stress
o
b dp Angle of joint friction (Lajtai, 1969b) b minor effective principal stress at failure {Hoek and Brown, 1980a)
$op apparent friction angle (gradient of t-c curve) normal stress acting on shear plane (Lajtai, 1969b)
Gres residual friction angle uniaxial compressive sirength of the intact rock within the rock mass (Hoek and
Brown, 1980a)
bu residual (ultimate) friction angle (Lajtai, 1969b}
uniaxial compressive strength of the infact rock within the rock mass (Hoek et al,,
K degree of joint separation (Lajtai, 1969b) : 1995)
v Poisson's ratio initial honzontal stress
e the acute angle between the major principle stress axis and the unit vector normal to

normal stress
. the discontinuity (Jaeger, 1960)

normalised normal stress

& inclination of first joint set in the rock mass sample
effective normal stress
e, inclination of second joint set in the rock mass sample
initial normal stress
6; inclination of third joint set in the rock mass sample
) normalised initial normal stress
04 angle of diagonal of the sample
peak normai stress
o, angle about which rotation occurs
normalised peak normal stress
o normal stress

tensile sirength
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T shear stress
T normalised shear stress

Ta shear strength of intact rock (Lajtai, 1969b)
T peak shear stress
T, normalised peak shear stress

) included angle formed between 6, and 6,

W dilation angle

Metric units and effective stresses have been used in this dissertation unless otherwise noted.
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1 INTRODUCTION

1.1 General

Civil infrastructure as a means of providing the basic needs of shelter and access to food and water
has always been of vital importance to society. As the human race has developed and living
standards improved, the methods of providing these needs have become more sophisticated.
Adequalc shelter was once considered to be a cave, now modern multi-storey structures are
common. Water that was once drawn from a spring or well must now be available on tap.
Increasing populations need more housing, transport, water supply and wastewater disposal.
Business requires more accommodation and better road, rail, air and shipping access. The
construction of this infrastructure results in interaction between the built environment and the
ground on or in which it is locaied. In many places throughout the world, this ground will
comprise rock masses of variable quality. Rarely will civil projects be located in or on what can be
considered to be intact rock. It is more likely that the ground encountered will be a jointed reck
mass, where the intact rock is intersected by discontinuities such as joints, bedding planes and/or
faults.

The interaction between infrastructure and the jointed rock mass that supports it is of paramount
importance to the design, construction and maintenance of many civil infrastructure projects. This
interaction occurs in many forms and results in a wide variety of loads and stress paths being
applied to the rock mass. The behaviour of the rock mass needs to be assessed during the design
process so that a safe and economical design can be achieved. Over-estimating the strength of the
rock mass may lead to excessive settlements or even failur: of tew foundation or tunnel, with the
associated costs and risks of possible injury or loss ¢ human life. Under-estimating these

properties can add sigrificant unnecessary costs to the project.

The strength of intact rock and of rock joints is relatively well understood. However, the strength
of jointed rock masses is often far more complex than exhibited by the superposition of the intact
rock and joint strengths acting in isolation. As stated by Hoek (1983);

“The strength of such rock masses depends on the strength of the intact pieces and on their

Sfreedom of movement which, in turn, depends on the number, orientation, spacing and shear




T R iy e S b

Direct Shear Testing of Jointed Soft Rock Masses-Chapter 1

strength of the discontinuities. A complete understanding of this problem presents formidable

theoretical and experimental problems..."”

This statement still holds true today despite the significant advancements in rock mass modeiling,
testing and analysis (outlined in Chapter 2) made over the last 20 years,

The theoretical and experimental problems referred to by Hoek are perhaps the reason why many
research investigations into the strength of rock masses have relied upon simple laboratory
techniques or assessment of field performance to develop (usually) empirical correlations to
quantify behaviour. While such correlations may allow successful predictions of rock mass
strength to be made, they also provide little detailed information on the interactions occurring

within the rock masses as they are loaded and the mechanisms by which they fail.

One way of further developing our understanding of rock mass behaviour is by conducting
appropriate laboratory tests on rock mass samples, where the intact rock and joint properties are
known and can be closely controlled. The strength of the rock mass can be observed and measured
directly and provide valuable data that may allow the development of analytical and numerical

.nodels that capture the interactions and failure mechanisms that occur within the rock mass.

This thesis aims to investigate the behaviour of carefully constructed rock mass samples in direct
shear and to develop basic models of the behaviour and failure mechanisms observed during the
tests. The direct shear tests are also modelled using the distinct element code, UDEC, to assess if
UDEC can replicate the rock mass sample behaviour and assess it’s potentiat for application to
more complex rock mechanics problems.

1.2 Background

The bedrock below the city of Melbourne, Australia, which comprises interbedded silistones and
sandstones (withh minor claystones) of Silurian/Devonian age, is referred to locally as Melbourne
Mudstone. Melbourne Mudstone displays the full weathering profile, from fresh rock with widely
spaced joints at depth, to highly weathered, sofY, heavily jointed rock at shallow depth to extremely
weathered rock and residual soil at the surface. Similar weathering profiles are present in
Melboume Mudstone whether it outcrops at the ground surface or is buried under tens of metres of

alluvial deposits, Given that civil infrastructure is typically located at or near the ground surface,

Direct Shear Testing of Jointed Soft Rock Masses-Chapter 1

much of the Melbourne Mudstone encountered can be considered to be very weak rock containing

widely to very closely spaced joints. The intact rock strength can vary from that of a hard soil to in
excess of 80 MPa.

As with rock masses in general, the behaviour of Melbourne Mudstone is complicated by
significant scale dependence. Figure 1-1 illusirates the effect of scale on rock mass behaviour.
Depending on the scale selected, the rc 2! zaass sample can be considered to be anything from an
intact piece of rock to a heavily jointed rock mass.

single
discontinuity

wo
discoatinuities

underground excavation

5 heavily jointed
e rock mass

Figure 1-1: Effect of scale on definition of rock mass (after Hock, 1983).

The influence of scale on the level of understanding of rock mass behaviour has been summarised
by Hoek (1983) and included here as Figure 1.2. The poor understanding of the behaviour of
jointed rock masses described as either massive rock containing a few sets of discontinuities or as
heavily jointed rock are highlighted in Figure 1-2. In the 20 years since this table was published,
there appears to have been little improvement in the level of understanding of the behaviour of
these types of rock masses. This may be due to the difficulties of carrying out and analysing
laboratory and field testing in rock masses, their anisotropic nature and/or the complex behaviour
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they exhibit. The intact rock pieces that make up the rock mass can rotate, crush, slide or translate,

depending on the loading configuration, block geometry and intact rock strength,

Description Strength characlesistics Shength testing Theoretical conslderations
Triaxiia! !estilng ]:‘;ocon;e i‘lheml ru!lcallab?ragf‘g};r ot
1ock Brittie, etaglic and rolatively s ple and t?él?:t:lc eua!l‘elc under-
Hard intact genergily igotropic inexpensivemannd Tesulls stood iourﬂmosl ;racﬁcal
usually refiable applications
Traxial lesting of cove
Highly anisotropic “;'{i‘ci(',}?un%d omims I g!;mmﬁcrlml?:gam?l
Lﬁ%%m,ﬁ' depending on sh'e'a( g'm ,e,u?g f;i'fab;a e schislose rozk ede(}ualalr
discontimilty strength and inclination Direct shear testing of undarsiood for mos
of giscontinuity joinls simple and irexpen. |  Preclical applicatlons
sive but resulls require
careful nlemrelation
., Anis ic, dependin Laboralory lesting v Behaviour of jointed rock
Mo | i D | SEARa | S it
Bis O sample ex o
disconlinuities m?s“;}.f'n?ﬁun?é: o equipment size limitations hmhg blocks
I L T -“3
: {'5,:‘1 ason Triaxiat (esting of Behaviour of heavily
R NS s j .
el ey ! ngmy u? ﬁ;ﬁgﬁ& undisturbed Core ssmples | jointed sock very poorlf
A jointed rock 1 exiremely difficul dug undersiood because o
(XA Heavily join nornal siress levels : v
kot wilh particts breakage to sample d'slurbance interaction of interiocking
Eal : al figh nomal siress and praparation problems |  angular pleces
Reasonably isolropic. Triaxial tesling simple Behaviour of compacted
!s-ess qiﬁan&tﬁ?ga mf Fut emaf}sftvg brc_gme of | rockfil |m§°n":biyp 1§all
mPa heat a ulpmeni size underslopd lrom so
Compacted sockiil giég rlg’;mvd mdt;wl raqmg :;: ﬁ%gcomodale rnm‘:t::nim s&uggs on
genaralmmly prkéird represen sampiles grarasar mater
or ion and Triaxial or diect shear
oo | ZEEh | SO | sowioseer
rotation movemen U engive becapse o equal
Loose waste rasulitng in mobifity largg_gsuipmam 5izg most applicalions
of wasta rock dumps QUi

Figure 1-2: Summary of understanding of rock mass behaviour and testing (after Hoek, 1983).
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If the behaviour of a rock mass during construction, while in service and at failure could be better
understood and modelled, significant cost savings may be possible, as well as greater confidence in
the design. _

The current practical methods of assessing the strength of rock masses are génerally empirically
based. These empirical criteria have usually provided workable solutions for designs involving
rock masses without capturing the processes occurring within the rock mass or providing any
significant guidance on the leve] of conservatism of the design.

Previous studies have attempted to improve our understanding by testing rock mass samples and
observing the outcomes. The test methods utilised have included field tests, laboratory tests on
samples recovered from the field, laboratory tests on full scale or reduced scale synthetic samples.

The sclection of a test method to assess rock mass behaviour may depend on such constraints as
practicality, equipment availability and cost. Ideally, the test method selected should, as practically
as possible, reflect the conditions that occur in the field.

Some studies have used back-analysis of full-scale failures or tests conducted in-sifu to measure
rock mass strength. This approach can be expensive and may suffer from the disadvantage that the
properties of the intact rock and joints may not be known accurately. Numerical techniques are
ofien used in these studies to model the failure or test. In such cases, the rock and joint propertics

are usually selected to produce similar outcomes to those observed.

Several studies, documented in the literature, have comprised laboratory testing of synthetic
samples. Such techniques can reduce the scatter resulting from variations in properties of the intact
rock and joints inherent to natural rock masses. The test conditions and sample manufacture can
also be tightly controlled, allowing the results of parametric studies to be more easily identified and
the pre-peak behaviour and failure mechanisms to be observed, measured and recorded.

The most widely reported laboratory techniques adopted for testing rock masses have been triaxial
tests and uniaxial compressive strength (UCS) tests. The use of direct shear testing has not been as
widely adopted. This may be due to a lack of suitably configured shear equipment, difficulty in
preparing samples or a belief that this technique is not suitable. However, as demonstrated in this
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thesis, the use of direct shear testing on rock masses is both approp-iate and relatively

siraightforward to perform and can provide a valuable insight into the behaviour of rock masses.

1.3 Significance of this study

This dissertation examines the behaviour of jointed, soft rock masses undergoing direct shear under
relatively low confining stresses (up to 400 kPa). In particular, it investigates the shear strength of
synthefic siltstone samples used to model the very weak, closely jointed siltstone commonly found
at shallow depth around the Melbourne area. This investigation was carried out using rock mass
samples fabricated by cutting joint sets into the synthetic siltstone and shearing these samples in a
direct shear apparatus. The intact uniaxial compressive strength of the synthetic siltstone ranged
between ! MPa and 5 MPa and the rock masses were intersected by up to three major joints sets,
with joints spaced at about 3¢ mm to 70 mm. Direct shear testing of samples made from stronger
rock or with more widely spaced joints was nat considered in this study due to lin: ... a18 imposed
by the capacity of the shear box. The samples were produced at a scale that was thought would
allow the interactions between the intact rock and the joints to fully develop.

As discussed in Section 1.2, the behaviour of rock masses is complicated by the inherent variability
of the intact rock, joint characteristics and the interactions between the intact rock and the joints.
Numerical techniques are often used to model rock mass behaviour, but thie results obtained from
these models are of little value unless correlated with measured behaviour. The lack of quality data
makes it difficult to correlate the models and assess the accuracy of estimates of rock mass strength’
and deformation. If the miechanisms observed and measured during physical testing of rock mass
samples can be replicated by the numerical model, there will be greater confidence in the output
from the model for problems of more practical significance.

1.4 Aims of this thesis
The specific aims of this thests are:

¢ To develop procedures and testing equipment to carry out laborator'y direct shear testing of
relatively large scale jointed rock mass samples. Fabrication and testing of such samples have
not been widely reported in the literature. |
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» To observe, document and model the pre-peak and failure mechanisms in a rock mass
undergoing direct shear. This will help to improve our knowledge and understanding of the

processes occurring within the rock mass as shear displacement increases.

s To develop simple mechanistic models that model the pre-peak and failure mechanisms
occurring within the rock mass and can be used to calculate the peak shear strength of a rock
mass. These models would ideally be based on the geometry and basic properties of the intact
rock blocks and the characteristics of the joints vithin the rock mass.

o To assess the ability of the distinct element code UDEC ‘o model the behaviour observed
during the direct shear tests. In particular, to assess the ability of UDEC to capture the pre-
peak and failure mechanisms observed in the rack mass during the direct shear tests.

It should be emphasised that this study concentrates on the shear strength of jointed rock masses.
However, from time to time, comments on the deformnation response have been included where it is

judged that this behaviour would be of potential interes: or has an impact on strength.
1.5 OQutline of this dissertation

This dissertation is set out as fotlows:
Chapter 2 Review of rock mass behaviour

This chapter reviews the evolution of existing criteria used for estimating the strength of rock
masses. A summary of the analytical, empirical and numerical approaches used in earlier studies is

presented. The laboratory testing techniques used in earlier studies are also described.
Chapter 3 Direct shear testing

This chapter discusses the suitability, advantages and disadvantages of direct shear testing
techniques for assessing rock mass strength. The application of constant normal load and constant
normal stiffness conditions are also discussed. Frevious studies involving direct shear testing of
rock masses are reviewed. A description of the Monash direct shear apparatus and the two shear
boxes used in this study are also provided.
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Chapter 4 Laboratory testing program

The laboratory testing program is outlined in this chapter. The testing program was divided into
several stages, wherein each stage a different rock mass parameter was varied. The aim of each
stage of testing is discussed.

Chapter 5 Sample preparation

This chapter outlines the reasons for the choice of modelling material used in this project. The
manufacture of the synthetic rock is outlined and the engineering properties of the intact rock and
the rock joints are described. The fabrication of samples by cutting joints into the synthetic rock
blocks and reassembling the rock mass pieces is described. The placement of the sample in the

shear box and then into the shear apparatus is also described.

Chapter 6 Results of direct shear tests

The behaviour of the rock mass as observed during each phase of the shear test is discussed in this
chapter. The pre-peak and failwre mechanisms that were observed during the shear tests are
introduced. Results from each stage of testing are presented and the effects of varying each of the
parameters on the behaviour and strength of the rock mass are discussed.

Chapter 7 Analysis of direct shear tests

This chapter presents the development of simple mechanistic models of the pre-peak mechanisms
observed in the direct shear tests. Comparisons between calculated and measured values of pezk
shear strength are made.

Chapter 8 UDEC modelling of direct shear tests

This chapier describes the application of the distinct element code, UDEC, to the modelling of the
direct shear tests. The model is also used to conduct a preliminary investigation into the effects of
varying intact rock strength and joint spacing on rock mass strength,

Chapter 9 Summary and Conclusions

The outcomes of this project are summarised. Directions for future work are also provided.

Direct Shear Testing of Jointed Soft Rock Masses—Chapter 2

2 REVIEW OF ROCK MASS STRENGTH

2.1 Introduction

The majority of civil and infrastructure projects will apply loads to the rock masses in or on which
they are located. It is therefore important to be able to assess Lie likely respouse of the rock mass
to these 1oads, in particular, the maximum load that can safely be applied and the deformations that

may occeur.

A jointed rock mass comprises intact rock intersected by discontinuities, such as joints. The
behaviour of intact rock and rock joints have been the subject of much research and individually
are relatively well understood. The behaviour of a rock mass, however, is more complex than the
superposition of the behaviour of the intact rock and the rock joints (Amadei, 1988). This has

made the accurate prediction of rock mass behaviour difficult.

Much of the previous ressarch into the behaviour of rock masses hes been empirically based, with
only relatively limited success being obtained using analytical approaches. Many studies into the
behaviour of rock masses have incorporated laboratory investigati\ons, mostly to develop new
strength criteria or refine existing ones. There has also been a recent increase in the application of
numerical modelling techniques to investigate rock mass behaviour. The improved processing
speed of computers and increasing sophistication of the software have made numerical modelling
more attractive, particularly for projects where mean‘ngful laboratory or field testing is not possible
or practical.

A review of the major contributions made by earlier unalytical, empirical and numerical studies

conducted by others into the strength of rock masses follows.
2.2 Analytical studies

The origins of the various analytical strength criteria for rock masses are based on the Mohr-

Coulomb failure criterien, which basically defines the shear strength of a frictional interface by:
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T=c+0, tang Equation 2-1 - amongst others, the peak stress required to fail the rock mass along a discontinuity (ignoring
porewater pressure) czn be calculated from:
where:
- 7is the shear strength of the frictional surface Oy =0, + 2c, + 0, tand, | Equation 2-2
i 4772 7 sin26[1 - tang, tan 8]
e ¢ is the cohesive strength of the surface,
where:
e gis the frictional angle of the surface, and s
¢ 0, is the normal stress acting on the frictional surface. * O, isthe major principal stress along the discontinuity at failure,
Jaeger (1960) introduced the Single Plane of Weakness (SPW) theory. Consider the rock mass * 0, is the minor principal stress acting on the rock mass,
(_q containing a single discontinuity shown in Figure 2-1.
' e ¢,and ¢ , are the cohesion and friction angle of the discontirity,
T4 £ . ’ , - : 2
e ¢ @ is the acute angle between thie unit vector normal to the discontinuity and the major
b
; principal axis. o
AN\-777 4

However, there are values of & for which sliding cannot physically occur. This leads to failure
through the iatact material. The minimum major principal stress for which shearing through the
C1 _ intact material occurs is given by:

Ae, +o,tang, ]

S Equation 2-3
tang, + \fl +tan’ ¢_

where:

s 0, isthe major principal stress requires to initiate failure through the intact rock,

Figure 2-1: Stresses acting on an inclined plane. . oo .
¢ actine P * o, is the minor principal stress acting on the rock mass, and

Jaeger calculated that for a rock mass containiig one or more parallel planar discontinuities at any

s ¢, and ¢, are the cohesion and friction angle of the intact rock.
inciination and subjected to uniaxial corapression, failure through the intact rock or along the

discontinuities would depend on the angle 8 formed between the dip vector of the discontinuity and . o L _
The failure stress though the intact rock 1s independent of joint inclination and defined by a straight

" the direction of the major principal stress, «,. Using two dimensional stress transformation
Jor princip . & horizontal line. The failure stress along a joint varies with inclination of the joint. Therefore, the

equatipns, major and minor principal stresses could be included. As shown by Priest (1993), failure envelope produced by these two equations is the minimum value obtained from equations

10 H




I/N‘\\

Direct Shear Testing of Jointed Soft Rock Masses-Chapter 2

2.2 and 2.3 and has the form shown in Figure 2-2, which clearly shows the anisotropic strength of a

rock mass containing one joint set.

Major B
Principal stress Shear through the intact material
at failure oy
61 111 1 fermmemmsesmonecerm—. ;
Shear aiong the discontinuity
|
0 g0

Angte of Inclination, 84 (degrees)

Figure 2-2: Typical failure envelope of a rock mass containing one joint set

Amadei (198R) extended Jaegar’s two-dimensional solution to include the intermediate principal
stress, 6;. The result was a stereographical approach to calculate slip along the jeint surface and an
analytical solution to the inverse problem, where the range of loading conditions to induce slip

along the plane was calculated.

This work, however, covers only rock masses cut by a single joint set. As stated by Amadei, the
use of superposition to model the effect of several joint sets on rock mass strength is not
mechanically correct. The strength of a rock mass is affected by not only the behaviour of the
intact rock and the joints, but also by the interaction between them.

There have been a number of analytical criteria developed to define the modulus of rock masses
containing multiple joint sets (e.g. Kulhawy, 1978; Kulhawy and Goodman, 1980; Gerrard, 1982b;
Gerrard, 1982a; Fossum, 1985; Yoshinaka et al., 1986; Peres-Rodrigues, 1990; Li, 2000).
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However, the deformation of jointed rock masses is not of prime interest to this study and will not
be considered further.,

2.3 Empirical studies

The development of analytical approaches for the analysis of the strength of rock masses
containing multiple joint sets has proven to be difficult. However, the development of rock mass
classification systems and empirically based criteria to predict the strength of rock masses is well
advanced.

2.3.1 Rock mass classification systems

The development of rock mass classification systems has evolved as a means of identifying, in a
qualitative manner, categories of rock that behave in 2 similar manner in a particular engineering
environment. The systems have been largely derived from tunnelling projects in rock masses,
where the properties of the rock mass and the successful support systems were recorded. From
this, rock mass classification systems were developed to provide details of the support required for
similarly classified rock masses in tunnelling operations eisewhere. However, they generally
provide little or no guidance on the strength of rock masses for assessment of the performance of
foundations, retaining walls and other non-tunnelling related structures. Some of the earlier

classification systems are briefly outlined below.

One of the earliest rock mass classification systems was introduced by Terzaghi (1946). He
suggested classifying the rock mass into one of a number of groups, so that when the loads in the
tunnel were evaluated, suitable steel sets could be selected to support the rock.

Deere (1963) proposed a rock mass classification system using the rock quality designation (RQD).
The lengths of the sections of core recovered from drilling into a rock mass that are over 100 mm
long are summed and divided by the total length of the core. The RQD is expressed as 2
percentage of the original core length, and provides an indication of the degree of fracturing.

Wickham et al. (1972) proposed the Rock Structure Rating (RSR) System. This system described
the quality of the rock in which a tunnel was to be constructed and was derived ermpirically from

historical data, reviews and evaluations made from published papers. The RSR was used to assess
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the support requirements of a tunnel driven through fair to good rock. This method acknowledged
the impact of joint inclination with respect to the tunnel direction on the stability of the rock mass,
It also considered the rock type and condition and impact of anticipated water inflow.

The above systems provided a basis from which major developments in rock mass classification
systems could be made, such as those provided by Bieniawski (1973) and Barton et al. (1974).
These systems are widely used and are discussed in greater detail.

There have been more recently proposed classification systems (e.g. Ramamurthy and Arora,
1993). These schemes, in general, have not been widely adopted.

2.3.1.1  The Rock Mass Rating (RMR) system

The Rock Mass Rating (RMR) system was developed by Bieniawski (1973) from the analysis of a
number of case studies featuring shallow tunnels in sedimentary rock. Subsequently, the sysiem
has been modified to include additional case studies and to conform to international standards and
procedures (Bieniawski (1979). The RMR value of a rock mass is obtained by assigning a rating to
the following parameters:

» rock quality designation (RQD)
e UCS of the intact rock material
+ spacing of discontinuities

e condition of d.~ ontinuities

¢ inclination of discontinuities and

¢ groundwater conditions

These ratings are summed to give a value out of 100, with better quality rock masses having a

~ higher rating,

The RMR system suifers from the subjectivity, common to all classification systems, in deciding
the values of each of the input parameters. RQD can be of limited value in describing rock masses.
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For example, a rock mass may have joints spaced at 98 mm, inferring the RQD value is low.

However, if the joint spacing is 102 mm, the RQD value is much higher.

Meyers (1994) proposed a modified RMR (MRMR) system. In this system, the RQD rating was
replaced with additional points for joint inclination. Meyers found that this system produced better
agreement with results from triaxial tests on rock mass samples made from a gypsum cement based
material.

An important factor considered by the RMR system is the influence of joint inclination with respect
to the inclination of the construction, (as did the RSR system). This acknowledges the potentially
anisotropic behaviour of rock masses.

2.3.1.2 The Q system

The Q systein was originally developed by Barton et al, (1974) based on the review of around 200
tunnelling case studies. The Q system ciassifies rock masses as follows:

J

—

_RQD
Q= SRF

J

) b d -j-i- X Equation 2-4
where:
*  ROD = rock quality designation
s J,=joint set number
s J,= joint roughness number
e J,=joint alieration number

o J, = joint water reduction factor and

e SRF = stress reduction factor

Barton provides charts and tables that allow the assessment of the parameters listed above to be

made from observations of the rock mass. The Q value calculated from the above parameters is

15
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then used to designate an appropriate tunnel support system found to be successful based on the

case studies.

The Q system has been expanded for use in predicting P-wave seismic velocity, static modulus of
deformation and joint fluid movement, as described in Barton (2002).

2.3.1.3  GSI System

The use of a classification scheme as a basis of selecting parameters for input into a rock mass
strength criterion has been incorporated in the Geological Strength Index (GSI) proposed by Hock
et al. (1995). This criterion is discussed in Section 2.3.2.3.

2.3.2 Rock mass strength criteria

Empirically based rock mass strength criteria have generally been developed from observing rock
mass behaviour during in-situ or laboratory testing and fitting a curve to the measured behaviour.
Several such criteria have been developed for intact rock (e.g. Fairhurst, 1964; Hoek and Brown,
1980a; Johnston, 1985). The main contributions in the development of rock mass strength cniteria
have come from Hoek and Brown (1980a), Hoek et al. (1992), Palmstrom (1996) and Hoek and
Brown (1997), with subsequent refinements by Marinos and Hoek (2000).

23.2.1  The original Hoek-Brown criterion

Hoek and Brown (1980a) proposed an empirical criterion to estimate the strength of a rock mass
based on the results of tests on intact rock and rockfill. They proposed that strength could be

assessed from:
o .

0, =0, +0 (mn—2+5)? Equation 2-5
Uc

where;

» 0o, is the major principal effective stress at failure
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e . is the minor principal effective stress at failure
¢ 0 is the uniaxial compressive strength of the intact rock within the mass
® m is an empirical constant dependent on rock type and

¢ sisan empirical constant that varies between 0 to 1 depending on joint spacing

The values selected for the empirical constants, m and s, were tabulated in accordance with the type
of rock and the quality of the rock mass. To assist users of this criterion, the rock mass
classification values obtained using the RMR or Q system could also be used in selection of the
cmpirical constants. The suggested values for the empirical constants based on the rock type and
rock mass quality are presented in Figure 2-3,

Empiricel failure criterion
oy =y ima, g, + 50 )R
o," = mujor prinapsl stress
vy = minor principal stress
», = uniaxial compressive
strength of intact rock
1,3 = empirica) constants

Intuct rock samples
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Coane grained polyminer
allic igncous and meta-
morphic crvsialline rocks,
cg amphibolite, gabbro,

e.g sendstone and quartzile
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marble
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i
-
3
]
=
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[ ]
-
% |
L |
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Figure 2-3: Relationship between rock mass quality and empirical constants (after Hoek, 1983).
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Hock (1983) found that this criterion consistently under predicted rock mass strength. He therefore
suggested that the results obtained could be considered to be lower bound values.

The strength of intact rock can be estimated using the Hoek-Brown criterion in equation 2-5 by
setting s=1. The strength envelope has a parabolic form, and models the strength of hard rocks
reasonably well. This contrasts with the Mohr-Coulomb criterion for soils, which predicts a

strength envelope with 2 linear form. It would seem reasonable to expect the strength envelope for
hard soils/soft rocks would lie between these two extremes (Johnston, 1985).

Johnston (1985) proposed the following criterion for intact rock strength following work camied
out on soft rock:

B
oy = [% o, + l] Equation 2-6

s the constant B=1-0.0172(log q.)2, where q, is the intact rock strength in kPa and

e the constant M=2.065+0.170(log q,)* for lithified argillaceous rocks

The intact rock strengths typical for weathered Melbourne Mudstone range between 1 MPa and 10
MPa. The value of B therefore ranges between 0.85 and 0.72, which produces a flatter strength

envelope than that suggested in the original Hoek-Brown equation, which produces a parabolic
envelope.

2.3.2.2 The modified Hoek-Brown criterion

The historical development of the Hoek-Brown criterion is summarised in Hoek and Brown (1997).
Modifications were made to the original Hoek-Brown criterion as it gained widespread acceptance
in industry. These modifications were required so the Hoek-Brown equation could be applied to a
wider range of rock mass qualities. An early modification was presented in Hoek and Brown
(1988) where relationships between m and s and a modified form of RMR were established. The
distinction between disturbed and undisturbed rock masses was introduced, as was a means of

estimating the deformation modulus of rock masses.

I8
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One of the deficiencies of the original Hoek-Brown criterion was that the criterion indicated a non-
zero tensile strength for heavily fractured rock masses that should have none. This prompted the
introduction of equation 2-7 by Hoek et al. (1992).

L1 L] a' -
o, =0,+0.(m, 2 Equation 2-7
-4

where:

0, is the major principal effective stress at failure,

o, is the minor principal effective stress at failure,
¢ o _ is the uniaxial compressive strength of the intact rock within the mass, and

e m, and a are constants, which depend on the composition, structure and surface

conditions of the rock mass.

This version of the Hoek-Brown criterion set the joint spacing variable, s, to zero and also provided
a simpler means of selecting the empirical constants based on the composition, structure and
surface conditions of the rock mass as shown in Figure 2-4 and Figure 2-5.

Grain Sedimeatary Metamorphic Igneous
size | Carbonate Detrital Chemical | Carbonate  Silicate Felsic Mafic  Mafic
Coarse | Dolomite Conglomerate Marhle Gneiss Granite Gabbre Norite
10.1 (20) 93 202 kv 4 258 21.7
Medium | Chalk Sandstone Chert Amphibeolite Dolerite
7.2 18.8 19.3 31.2 15.2
Fine | Limestone  Siltstone Gypstone Quartzite § Rhbyolite An@euite Bagalt
84 9.6 15.5 23.7 (20) 149 (17}
Very fine Claystone  Anhydrite Slate
34 13.2 114

Values shown were derived from statistical analysis of triaxial test data for each rock type. Values in parenthesis
have been estimated.

Figure 2-4: Values for empirical constant, my; (after Hoek et al., 1992).
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where:
g
MODIFIED HOEK-BROWN FAILURE CR £ H " jor princi i
TERION H 3 -.E’-';‘ é w - e 0, is the major principal effective stress at failure,
@ : ie| 8 2 £
o= dj+o (m,,-"—’) £ 21 ¥l 2E| %
‘\ e = £% L °5 £ . . . .
= 2 s 4& E;E % % s 0, is the minor principal effective stress at failure,
o} = major principal effective stress at failure f 4 S 27 g <y
o) = minor principal effective stress at failure § & % £ ‘35 'g- % £ ] £ . i - ’
o, = uniaxial compressive strength of intact E £ E’ £ 4 $ Z 3 § 3 e is the uniaxial compressive strength of the intact rock in the mass,
pieces in the rock mass g 5 ;- i $E 3 &%
my and a are constants which depend on the = og E - 'g g 3 g -E‘ w . .
composition, structure and surface S g _E. 5 £ § 3 53 x 3 -F: e m, isthe value of the Hoek-Brown constant, m, for the rock mass, and
conditions of the rock mass § 83 'En g £ S5 § -%. 9 g i
wi»>32 o SFlax o 0 .
&8 %> §.§-§, %'g E 8"‘0:5 E%ﬁ i e s and a are constants, which depend on tte characteristics of the rock mass.
STRUCTURE n|>58 jonhe £ |28 |58 i
) P\ BLCCKY - well interlocked, undisturbed  my/m,! 27 05 03 o1 A suitable range of GSI values for the rock mass are selected from Figure 2 6 and used to calculate
(. rock mass; large to very block size e . o | 035 | 04 | o04s L
: m, and s using equations 2-9 and 2-10.
_,I,_. 0y
VERY BLOCKY - interlocked, partially  my,.c.' 13 02 0.1 0.04
disturbed rock mass; medium block sizes a 0.4 045 0.5 05 b
m, =m; exp GST -100 Equation 2-9
r b ) 28
:.::YC:(":’I'SEA-“Y- -.::slded all'nldb:’aullct:d. my/m; 0.08 0.04 0.01 0.004
ersecting joints; small bloc a 0.5 0.5 . &
055 o8 i s = ex [GSI —100} : Equation 2-10
. 3 9
CRUSHED - poorly interlocked, highly  my/m, 003 | 0015 | 0003 | 0001
broken rock mass; very small blocks a 65 | o055 | o6 | ons6s -
e For poor quality rock (arbitrarily chosen where GSI<25):

Figure 2-5: Table showing values of my/m; and @ (after Hoek et al., 1992),
$=0 Equation 2-11

2323  The Hoek-Brown Geological Strength Index (GSI)
a=065———-

GSI Equstion 2-12
200 _

The Hoek-Brown criterion was modified further with the concept of the Geological Strength Index
(GSI) introduced by Hoek et al. (1995). A range of GSI values appropriate for a particular rock
mass could be estimated from the chart shown in Figure 2-6, based on the rock mass structure and
joint surface conditions. The selected values of GSI were used to calculate the input values for the

generalised criterion shown in equation 2-8,

The maximum value of @ remains at 0.65, with this increased value of a acknowledging the more
linear behaviour of “scil-like’ rock masses. However, this value of a is still less than the 0.72 to

0.85 suggested using the Johnston criterion for siltstones. The GSI cniterion may therefore have
difficulty replicating the strength envelope for softer, argillaceous rocks.

] L] a‘l
G, =0, +0_(m,— +5)°
1 3 a( b d ) Zquation 2.8
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- 5.

GEOLOGICAL STRENGTH INDEX

From the Jetter codes descsibing the struchure
and surface conditions of the rock mass {from
Table 4), pick the appropriate box in this chart.
Estimate the average veiue of the Gaologicat
Strength Index {GS[) from the comtours.

Do not atempt to be too precise. Quoting a
range of GSI from 38 o 42 (s more restistic
than stating thatGSl =38,

or filngs of angular imgments

&

8\ g Yery resigh.fresh mmel.hmdmfam

Smooth, moderatsly weathered or shered sufaces

POOR
Stickensided, highly weathered surfaces with

soft clsy coatings or Alinge

Siickensided, highly westhared susfaces with
mpodmm

FAIR

[ aleln)
Rough, slightly weathered, iron stained surfaces

SURFACE CONDITIONS
VERY POOR

g

STRUCTURE

BLOCKY - very wedl Interlocked
undisturbed rock mass consisting
of cubjent blocks tormed by three
orthogonal dsconfinuity sety

VERY BLOCKY - imefiocked,
partiatly dstuibed rock mass with
mulifeceted anguiar ttocks formed
by four of more disrontinuity asts

BLOCKY/MDISTURBED- foided
andfor fauited with angular biocks
formed by many intemecting
discontinuity sets

DISINTEGRATED -~ poorly inter-
. locked, haavily broken rock mass
=g - with @ mixture or angiiar and

Al rounded fock pleces

<<} DECREASINGINTERLOCKING OF ROCK PIECES

Figure 2-6: Chart showing GSI values based on rock mass structure and joint surface conditions (after
Hoek and Brown, 1997).

There is still a degree of subjectivity associated with using the GSI system. This author carried out
a verf limited survey to assess the subjectivity of the estimation of GSI values. Five members of
the Geomechanics group at Monash University were provided with the chart in Figure 2-6 and
asked to estimate the GSI value of 13 rock masses from photos. These photos were of outcrops of
sedimentary rocks containing a number of discontinuities, an example of which is shown in Figure
2-7.
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Figure 2-7: Sample photo of rock mass used in survey.

The experience of the survey participants ranged from new postgraduates with no working
expenience to members of staff with a high level of understanding of rock mass classification. It
was found the difference in estimated GSI values for each rock mass varied, on average, by
between 10 and 40. For example, the estimated GSI values for the rock mass shown in Figure 2-7
ranged between 40 and 75. It is acknowledged that the classification of rock masses from
photographs is not ideal. however, this survey demonstrated the same photograph could produce a
wide range of GSI values from people with a wide range of experience.

One attempt to provide a more quantitative basis for evaluating GSI was proposed by Sonmez and
Ulusay (1999), based on the back-analysis of slope instability case histories. They introduced a
structure rating based on the volumetric joint count to take account of the influence of scale. They
also introduced a surface condition rating, based on joint roughness, weathering and infilling in an

attempt to make the selection of joint surface conditions more rigorous. The modified GSI chart is
presented in Figure 2-8,
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Figure 2-8: Modified GSI chart to consider structure and joint surface ratings (after Sonmez and
Ulusay, 1999).
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The ranges of GSI typical for various heterogeneous rock masses were discussed in Marinos and
Hoek (2000). They found the most common range of GSI values for bedded and fractured
silistone, (hence possibly for Melboumne Mudstone), is between 20 and 45, as shown in Figure 2-9.

GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)
From the (thology, structure and xsface
conmdiions of ths discontinuitien, estimats

surtucos with compact

ey
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]
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|
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i
é
!

‘iﬂ 2
§z§§§§§
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??;éw%
iizg H
G

Slickensided, highly weatherad surfaces with soft clay

coatings or filings

coatings of fliings or engular fragments
VERY POOR

Siickensided, highly weathered

\ & VERY GOOD
gmmmmmm
GOOD
Rough, siightty
FAIR
Smooth
POCR

S
g

SRR

§
3

L 2 -
The shaded areas are indicztive and may oot be appropriaie for site specific design purposes.
Mean values are not suggested for indicative characterisation; the use of ramges is
recommended

1.Bedded, folisted, fractured

2.Sheared, brecciated
Thesa aoft rocks are classified by GSI as associated with tectonic processes. Otherwise, GS1is
ot recommended. The same is true for typical marls.

Figure 2-9: Typical GSI vzlues for siltstones (after Marinos and Hoek, 2000).
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‘The application of the charts shown in Figure 2-6, Figure 2-8 and Figure 2-9 can be illustrated by
the following example. Consider a rock mass comprising bedded, fractured und weathered
siltstone, typical of near surface Melbourne Mudstone. Assume the rock mass contains two to
three joint sets thu. are smooth and moderately weathered, and are spaced at about 30 mm to 70
mm. The classification of such a rock mass, using Figure 2-6 may be judged to be blocky and fair,
suggesting GSI values between 45 and 65. The influence of scale is not considered.

Using the modified chart in Figure 2-8, the range of GSI values judged appropriate for the rock
mass described above would be between 37 and 42. The reduction in GSI values from those

suggested in Figure 2-6 results from considering the joint spacing within the rock mass.

This agrees well with the range calculated by Sonmez and Ulusay (1999), but is significantly lower
than the estimation from the chart in Figure 2-6. This is because siltstone in the field can rarely be
described as blocky and rarely are the joints free of alteration and infill.

Therefore, the GSI criterion in it’s various forms provides a simple and relatively concise system

for estimating rock mass strength from visual assessment.
2.3.24 Rock Mass Index (RMi)

The Rock Mass index (RMi) was developed by Palmstrom (1996) in an attempt to characterise the
strength of jointed rock masses and is based on the principal that the strength of a rock mass is
reduced by jointing. The RMi does not consider the effect of joint inclination or the anisotropic

behaviour of rock masses. RMi is expressed as:
RMi=o,JP Equation 2-13
where:

s g, is the UCS of the intact rock measured on 50 mm samples, and

e JPis the jointing parameter,

The methodology of the RMi is shown in Figure 2-10.
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| ROCK MASS INDEX
R

Figure 2-16: Rock mass parameters required for RMi.

The jointing parameter is a sirength reduction factor representing the biock size and the condition

of the joint faces (assessed from their roughness and alteration) and the properties of the joints,
(joint density, size and persistence).

It should be noted that rock masses might riot exhibit anisotropic behaviour, As discussed earlier; '
the scale of the rock mass will influence the degree of amisofropy. However, failure to

acknowledge the possibility of anisotropic behaviour may result in an inaccurate assessment of
rock mass strength.

2.4 Laboratory studies

2.4.1 Introduction

The scientific literature contains many examples of laboratory studies that have investigated the
behaviour of jointed rock masses, Some of these have been used to identify failure mechanisms
occurring in the rock mass, while others have investigated the changes in the behaviour of samples
as a result of introducing joints into intact rock samples.

A review of the literature has identified two commeonly adopted laboratory techniques for testing
rock masses. These are friaxial testing and unconfined compressive strength (UCS) testing. A
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brief review of some of the many studies involving triaxial and UCS testing is presented in Section
242,

The use of direct shear testing has not been widely applied to the testing of rock masses. Examples
of studies that have adopted this approach are described in Section 2.4.3.

One of the main chalienges associated with testing rock masses is obtaining representative samples.
Some studies have tested rock masses in-sifu {e.g. Chappell, 1984; Miyaike et al., 1993), while
others have used samples recovered during field investigations in laboratory tests (e.g. Naiau et al.,
1995). The recovery of rock mass samples from the ficld for laboratory testing is usually difficult
and it is often not possible to obtain enough similar samples to allow parametric studies to be

conducted.

Other investigations {e.g. Ladanyi and Archambault, 1970; Einstein and Hirschfeld, 1973; Meyers,
1994; Kulatilake ct al., 1997; Singh, 1997) have tested rock masses made from synthetic materials.
The fabrication of jointed rock mass samples from synthetic materials provides a means via which
such parametric studies can be carried out more readily and without the inherent variability present
in naturally occurring samples. Ideally, the synthetic material adopted for testing should have
similar intact engineering properties as the in-situ material it aims to model. The use of synthetic
rock also has the advantage that joint sets of known and relatively constant characteristics, such as

inclination, roughness, etc, can be accurately cut into the intact blocks.

2.4.2 Triaxial and UCS testing

Most of the studies of rock mass behaviour have utilised ftriaxial testing and unconfined
compressive strength (UCS) testing techniques (e.g. Einstein and Hirschfeld, 1973; Ryncarz and
Nawrot, 1976; Meyers, 1994).

One attraction of conducting triaxial or UCS tests is that they are relatively inexpensive to perform
and the equipment is readily available. Suggested test methods for intact rock are set out in Brown
(1981).

The application of triaxiai testing techniques to intact rock samples often requires a higher

confining pressure than testing of soil because of the need to simulate a much deeper environment.
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The test equipment also needs to be stronger and stiffer than that used to test soils, as the rock
strength and stiffness is, in general, much higher than that of soils. This has led to the development
of the Hoek cell, a high strength iriaxial cell capable of applying very high pressures, but which has
no conirol or measuremen: over drainage and porewater pressure. The dimensions of intact
samples that have been tested in Hoek cells have ranged from core of 12 mm diameter by 25 mm
long (McLamore and Gray, 1967) to core of 150 mm diameter and 300 mm long (Jaeger, 1970).

High-pressure triaxial devices that allow control of drainage and porewater pressures have also
been developed and used to test intact and fractured rock samples (e.g. Chiu, 1981; Wardlaw,
1992).

The logical progres..on has been to use Hoek cells that can accommodate larger samples to test
jointed rock masses. For example, Meyers (1994) constructed a Heek cell capable of testing
samples 150 mm in diameter and 300 mm long. The Hoek cell has allowed researchers to
investigate the effects of confining pressure on the strength and deformation of the rock mass using
a relatively simple and expedient test. However, observation of the sample during the test is not

usually possible.

An early study of the mechanical behaviour of rock masses using triaxial testing was described by
McLamore and Gray (1967). They atiempted to define the compressive strength of shales and
slates for different inclinations of the bedding plane, called the plane of anisotropy. They found
that the strength envelope obtained from their testing was similar to that calculated from the single
plane of weakness theory proposed by Jaeger (1960) (see section 2.2). They also found that failure
usually occurred in one of three ways, namely:

»  Shear faulting, both along and across the bedding or cleavage planes. This mechanism

occurred at relatively low confining pressures.

» “Plastic” flow or slip along the bedding plane. This mechanism occurred at relatively
high confining pressures.

» Failure due to the formation of kink bands, which consisted of rotation of the bedding

planes. Again, this was observed at relatively high confining pressures.
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This study also indicated that the number of joint sets had an impact on rock mass strength, with
rock masses with no joints (intact rock) being stronger than rock masses with one joint set, which

in turm were stronger than rock masses with two joint sets.

Jaeger (1970) conducted triaxial tests on core samples of jointed Panguna andesite. He found that
the strength of the jointed rock mass was lower than that of the intact rock, but greater than that of
the joints. Movement occurred on a number of planes, although as strain increased, one of these

planes became dominant. He also observed that the failure surface was not planar.

Einstein et al. (1970) investigated the influence of jointing on rock mass behaviour and failure by
conducting triaxial tests on synthetic rock mass samples. The samples had dimensions of 2” by 4”
by 8” (50 mm by 100 mm by 200 mm) and were made from a material comprising Hydrocal B11
gypsum, water and celite. They found that the strength of the samples was lowest when the sample
contained two orthogonal joint sets. Samples containing one joint set perpendicular to the major
principal stress were stronger, while those containing one joint set paraliel to the major principal
stress were even stronger. However, none of the jointed rock masses were as strong as the intact

rock. They found that the strength and deformability of a jointed rock mass was dependent upon:

» confining stress, where at high values, the failure mode changed from sliding along a
favourably inclined joint to shear through the intact material

+ joint properties
¢ material properties of the intact rock

¢ joint inclination, where samples with vertical joints were stronger than those with

horizontal joints and

+ joint spacing, where samples with more closely spaced joints had lower strength

Since the 1970’s, laboratory studies have investigated rock mass behaviour from a number of
perspectives. Some studies have used laboratory testing to develop or improve rock mass strength

_criteria (e.g. Hoek and Brown, 1980b; Desai and Salami, 1987; Kulatilake et al., 1997), while

others have used laboratory testing to refine rock mass classification systems (e.g. Meyers, 1994),
Some studies have investigated the effect of joint inclination on strength of rock masses containing
one joint set (e.g. Bagheripour and Mostyn, 1996; Tien et al., 1999), while others have used triaxial
testing to determine the mechanical properties of rocks for specific projects (e.g. Miyaike et al.,
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1993). The effect of muliiple joint sets on rock mass strength has been investigated by Singh
(1997) and others There have been studies have involved the testing of rock masses under true
triaxial conditions (e.g. Chang and Haimson, 2000). These studies have either confirmed or refined
existing knowledge.

Laboratory testing has also been used to identify modes of failure. Ladanyi and Archambauit
{1972) constructed jointed rock mass samples from prisms with a square cross-section. The rock
masses were asseinbled by placing the prisms in a brickwork type pattern, where the primary joint
set was the through-going joints and the cross joint set was that between the primary joints. These
samples were then subjected to various lateral stresses and loaded to failure. Photographs of the
typical failures observed in these tests are presented in Figure 2-11.
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Figure 2-11: Three failure types, from left to right, shear plane, shear zone and kink band failurz (after
Ladanyi and Archambault, 1970).

Three failure types, dependent on the inclination of the joints formed by the prisms, were observed,
namely:

o Shear plane failure, where the development of a failure plane through the prisms and
along the joints was observed. This failure occurred where the joints dipped at an angle
sub-paraliel to the applied principal stresses.
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» Shear zone failure, where localised crushing of some of the prisms was observed. This
failure occurred where the angle between the direction of the principal applied stress and
the primary joints was typically less than 45°,

¢ Kink band failure, where rotation of the prisms was observed. This failure occurred
where the angle between the direction of the principal applied stress and the primary joints
was typically greater than 45°,

This testing confirmed that the inclination of the joints had a significant influence on rock mass
behaviour and the mechanisms by which the rock mass failed. The results of these tests also
showed that the strength of the rock mass was lower than that of the intact rock, even when the dip

of the joints was favourable (i.e. parallel to the major and minor principal stresses).

Singh (1997) tested rock mass samples in uniaxial compression. He found that the strength and
deformation of the samples were influenced by th= inclination of the joints, i.e. the sample
properties were anisotropic. He identified four mo  of failure for jointed rock mass samples

subjected to uniaxial compression, namely splitting, shearing, rotation and sliding.

Kulatilake et al. (1997) also identified three failure modes in their tesﬁng, namely tensile failure
through the intact material, combined shear and tensile failure through the joints and a mixed
fatlure made through the intact material and the joints, They observed that the failure mode that
occurred was dependent on the inclination of the joints.

The studies described above have provided information on rock mass behaviour under conditions
provided by the test arrangements, This has improved our understanding of the impact of joints on
overall rock mass behaviour, including details of the failure mechanisms that can occur. However,
these test methods may not provide boundary conditions and stress paths that replicate field
conditions and hence direct application of the results of this testing to field conditions may be
inappropriate and/or inaccurate. These concerns are discussed in Section 3.2. Nevertheless, these
tests clearly indicate the possible reduction in strength and stiffness resuliing from the introduction

of joints to intact rock samples.
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2.4.3 Direct shear testing

One of the earliest published papers on direct shear testing of rock mass samples was presented by
Lajtai (1969b). In this study, direct shear tests on synthetic rock sarnples were carried out under
constant nermal load conditions. The samples were 3” (75 mm) cubes made from either plaster or
kaolin-plaster. Both intact samples and samples containing the jeint configurations shown in
Figure 2-12 were tested.

Model blocks for direct shear tests
=1 Yoo 0 (a) friction block

o] - ) (b) solid block

(c¢) open joint block

| 1L 1! (d) closed joint block

LG Nelo
© {d

Figure 2-12: Rock mass configurations {after Lajtai, 1969b).
These joint configurations could not be considered to be representative of real joints. However,

this study provided some valuable insights into the impact of joint roughness and persistence on
sample strength.

Lajtai found that the direct shear strength of the intact rock was controlled by:

L ]

the tenstle strength, T,

¢ the cohesion, S,

s the angle of intemal friction, ¢;

¢ the residual (ultimate) friction angle, ¢, and

» the normal stress acting on the shear plane, g,

The testing identified three failure mechanisms, namely:

¢ failure by tension in accordance with:
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the angle of joint friction,
7, =01, -0, ) Equation 2-14 » the angle of joint friction, ¢,
e failure by shear in accordance with: The failure conditions for the rock mass sampies containing joints was thus:
1
_1 {2.5',, +0, tang, g Equation 2-15 7, =Cxo, tang, + (1~ )T, (T, -0, )} Equation 2-17
T 1vtnlg

for tensile failure,
e failure at ultimate strength in accordance with:

1-x (25, +o, tang)* &
. t, = Cxo, tan¢, + e ~o.}? Equation 2-
, =0, tang, Equation 2-16 a a ¢p 5 { 15 tan? Y =} quation 2-18
The envelopes defined by these mechanisms are shown in Figure 2-13. for shear failure, and o "
) T, =0, tangd, Equation 2-19
e pARCY) |
= A Y
% L;_—_}Ir / 5‘,"« L for ultimate failure. 9
CORLOME-NAVER CRITERION WLTIMATE STRENGTH
§3‘1' CF FAILURE 18 SHEAR ﬂrmc_’?,;% y Patton (1966) carried out a number of shear tests on synthetic rock masses containing a single i
[ ;
o AL regular saw tooth joint. He developed the following equation for the shear strength of the joint: 5
z GIRECT SHEAR PARAGOL S :
L 3
L4 i
" L 7 = otan{g, +i) Equation 2-20 3
MAXIMUM  PRINCIPAL 75516,
FRLURE Ih TENSION DIRECT SHEAR CURVE ]
OxT (SHEAR) where: o
Tos” So Sg-eT, =
£ o
% o rand ¢are the shear and normal stress .
u 1 1 1 g

NORMAL STRESS o * @ is the friction angle along the saw tooth and

Failure oriterio for direot shoar:
¢ | is the angle of inclination of the saw teeth

Figure 2-13: Failure curves (after Lajtai, 1965b).
The value of (@) is theoretically limited to iess than 90°. This criterion can be applied to the case
The strength of the samples containing jbints was found to be affected by: of a rock mass containing one inclined joint set, and provides insight into how the fundamental -
behaviour of a rock mass subjected to shear is affected by the joint inclination. o e
» the degree of separation of the joints, k, where k=} for smuoth flat joint planes and zero '

for intact rock Ladanyi and Archambault (1970) sought to develop a more generalised model of shear behaviour

for interlocking rock surfaces. They carried out a number of direct shear tests to investigate the

e a mobilisation factor, C, with assumed values between 0 and 1, which indicates that the

intact rock cohesion and joint friction may not be mobilised simultaneously
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sliding and shear behaviour of the blecks making up the rock surfaces. They found that brittle
cracking of the blocks preceded the eventual shear failure. They noted that:

“What really appears to happen, is that the original rock blocks are first fissured and even crushed
in smaller fragments by a compression mechanism, and subsequent shear occurs then across this

already partially damaged rock mass.”

Ladanyi and Archambault developed their joint strength model from this direct shear testing.

Direct shear tests to measure the mass strength of Carpathian flysch were conducted in the field by
Thiel and Zabuski (1996). The shear tests were carried out under constant normat load (CNL)
cornditions using jacks. The Carpathian flysch tested was a sedimentary rock comprising
interbedded sandstones and clay shales with beds dipping at 25° to 40°. The shear plane in the tests
was horizontal and the plan area of the test sample was 1.0 m by 1.0 m. The rock mass was
intersected by two joint sets sub-normal to the bedding planes. They found that failure occurred
predominantly by sliding along the shale layers.

Afridi et al. (2001) carried out a number of laboratory direct shear tests on intact Salem Limestone
samples (some with a visible piane of weakness) and on concrete-rock interfaces. The shear tests
were conducted under CNL conditions, with the appiied normal stress on the sample varying from
4 MPa to 14 MPa. They observed that the shear displacement required to reach peak strength
increased with increased normal stress. The shear displacement at the peak strength increased from

about 1 mm for 0.7 MPa normal stress, to about 3 mm for a normal stress of 5.5 MPa.

Failure occurred by the development of an inclined shear plane. The angle of inclination of the
shear plane to the horizontal reduced with increased normal stress. There was evidence that shear
stress concentration occurred at the leading edge of the shear plane and tensile failure occurred at
the trailing edge of the shear plane, This suggests that the development of the failure plane was
progressive and that stresses along the shear plane were not uniform. Rotation of the sample was
also observed. This rotation is a result of the eccentric application of the shear forces and would
have influenced the test results. This rotation may also not have been representative of field

conditions.
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The testing of rock masses using direct shear has not been adopted as widely as other methods.

This may be due to a numnber of reasons, including:

s the uneven stress concentrations within the sample and the resulting progressive failure
e rotation of the shear boxes due to the eccentricity of the applied forces
e relative difficulty in obtaining representative samples and

s suitable testing equipment is not readily available

Nevertheless, the direct shear test offers an alternate method of testing which, as discussed in
Chapter 3, has several advantages not provided by other test methods, such as triaxial and UCS
testing.

2.5 Numerical modelling studies

As discussed earlier in this chapter, there have been a number of earlier studies into the behaviour
of rock masses that have developed rock mass strength criteria from the back analysis of case
studies or from fitting curves to field or laboratory test results. Laboratory and field testing of rock

mass samples can have a number of drawbacks, including:

they are often expensive and time consuming

representative samples may be difficult to obtain

the application of realistic in-situ conditions to the sample may not be possible and

*

the size of the sample may result in scale effects

There has been an increasing trend towards assessing rock mass behaviour using numerical
modelling techniques. The use of these techniques has been made more popular by improvements
in computer speed and increasing software sophistication. The use of numerical techniques can
overcome the constraints of scale, cost and time. The difficulty in obtaining good quality
experimental results, particularly data highlighting the interactions and failure mechanisms
occurring within the rock mass, however, means that validation of the numerical modeis is often

not possible.
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Numerical techniques have been used to modei large-scale projects in jointed rock. This modelling
usually proceeds by establishing the geometry of the structure and applying estimated strength
parameters to the rock mass. These parameters may then be adjusted so that output from the
numerical model agrees with the observed behaviour of the structure as construction proceeds.
This observational approach may require reassessment of parameters a number of times before a
satisfactory result is obtained. In some instances, the parameters may bear little resemblance to the
in-situ rock parameters because of the inability of the numerical model to capture the behaviour of
the material. Nevertheless, future performance of the structure is often assessed using these
inaccurate parameters and models. The potential for errors using this type of approach is high.

2.5.1 Numerical methods

A jointed rock mass can be considered to be a discontinunm comprising rock blocks separated fully
or partially by discentinuities, e.g. joints, bedding planes. Therefore, numerical methods used to
analyse the behaviour of rock masses must be able to deal with the behaviour of the components of

the rock mass and the interaction between them.

Several types of numerical methods have been used to model rock masses. An important feature of
the method adopted for analysis is that it should be able to replicate mechanisms occwrring in the
rock mass and allow for the correct simulation of rock mass failure. Two approaches commonly
used to model rock mass behaviour are continuum methods and discontinuum methods. These

methods have been described by Sjoberg (1999), amongst others, and are outlined below.
2.5.1.1 Continuum methods

The continuum approach typically adopts plasticity theory to model material failure. The model
geometry is defined and divided into zones. The model is then loaded until material failure occurs
within the zones. Once a zone has failed, it cannot carry further load, so additional load is
transferred to adjacent zones. Failure is often indicated by the development of a contiguous line of
actively yielding zones within the model. This line of yielded zones simuiates the development of
a shear band. The mesh (zone) size used in the model can affect the width and inclination of the
shear band. However, because the displacement field remains continuous, the actual failure surface

does not develop in the model.
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There are certain circumstances where continuum methods, adopting suitable rock mass parameter
values, may provide reasonable predictions of rock mass behaviour. These are where the rock is
essentially intact, or when joint spacing is very small compared to the size of the project, or where
it is judged anisotropic behaviour can be ignored. However, for many projects, the joint spacing is
such that the influence of the joints is significant and anisotropic behaviour is likely. Therefore,
unless the rock mass is intact rock or completely fractured rock (e.g. gravel or rockfill), it may not

be appropriate to model the rock mass as a continuum that displays isotropic behaviour and ignores
the presence of joints.

One limitation of most continuum methods is that they consider only translational degrees of
freedom, that is, rotation in the rock mass is ignored. This limitation is partially overcome by the
Cosserat method, where new independent degrees of rotational freedom are introduced by a
“Cosserat rotation” or “micro rotation” tensor. Grosso et al. (1999) found the Cosserat method
modelled the stiffness and flexural beam i:chaviour of rock strata better than the classical
continuum methods. Dai et al. (1996) used the Cosserat method to mode! excavation of an
underground roadway and found that there was good agreement between the model and practical
rock mechanics problems. However, the yield functions were selected by trial and error and in
general, need to be selected with care. Although the Cosserat method appears to offer potential for
modelling rock masses, it is not widely used by industry and may still suffer from problems
associated with capturing the anisotropy introduced by joints and other planes of weakness.

Continuum methods can also satisfactorily model rock masses that contain a small number of
discontinuities using joint or interface elements. However, these simple models often have
problems with convergence and more complex models may be difficult to define geometrically.
Commercially available software packages (such as FLAC, (Ttasca, 1993) and PHASE2,
(Rocscience, 1998)) allow an interface within the rock mass to be defined, either as the model
geometry is established or by using the “ubiquitous joint” option. This allows the anisotropy of
bedded rock masses such as slates, shales and mudstones, to be more accurately modelled.

2.5.1.2 Discontinuum methods

Rock masses containing multiple intersecting joint sets become very difficult to model using

continuum methods. In such circumstances, discontinuum methods, such as the discrete element

method, may provide a better approach.




 rr——

Direct Shear Testing of Jointed Soft Rock Masses—Chapter 2

The discontinuum method models the rock mass as an assemblage of intact rock pieces separated
by explicitly defined discontinuitics. This allows the interaction between the pieces and the
discontinuities to be modelled, and allows modelling of the simultaneous failure of the intact rock
and the discontinuities. The approach allows rotation of the intact rock pieces and displacement
along the discontinuities, so the features of the failure mechanism are readily identified. A major
limitation of current, commercially available discontinuum approaches is their inability to model
crack initiaticn and propagation through intact blocks. This means that once the intact material
within the model starts to fail, movement along the fracture is not allowed. However,
discontinuum methods may be used to predict pre-peak behaviour, peak strength and to identify

possible failure mechanisms.

The discrete element program UDEC has been used to model many rock mass problems (e.g.
Dutton and Meek, 1992; Hsiung et al., 1994; Power et al., 1994; Sanderson and Zhang, 1997; Chen
and Zhao, 1998; Asche and Quigley, 1999; Varley et al., 1999; Yang and Lee, 1999; Calderon,
2000; Harkness et al., 2000; Johnson et al., 2000; Yankey et al., 2000).

2.5.1.3 Reviews of numerical methods

Several reviews have been carried out on the ability of numerical methods to model rock masses.
One such review was carried out by Senseny and Pucik (1999), who reviewed the development and
validation of numerical codes that modelled the rock mass as a “stack of bricks’. They carried out
a “very precise” laboratory experiment that investigated the influence of joints on the deformation
of an opening in a rock mass comprising concrete blocks where the geometry and properties of the
concrete and joints were known. The data obtained from these tests allowed the validation of the
computational models for the mechanics of structural deformation and failure in the jointed rock.
The codes reviewed included both finite element methods (EXCALIBUR, FLEX and PRONTO)
and discrete element methods (DIBS, UDEC). The authors developed the models by using the

codes to assess rock mass behaviour over the following steps:

e Benchmark tests to verify the mathematical algorithms used by each of the codes
¢ Parametric studies to investigate the importance of selected variables on tunnel closure
o Tests on the constitutive models

s Precision tests, both dynamic and static, for tunnels in intact rock
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* Model predictions for intact rock

The benchmark tests found that EXCALIBUR, FLEX and UDEC szl calculated similar responses.
Examination oi the other codes revealed that approximations made in the algorithms were
unacceptable. The validation of the models comprised two steps. The first step was to conduct a
jointed rock precision test to provide data by which the model outputs could be validated. The
second step involved using EXCALIBUR, FLEX and UDEC to model the jointed rock precision
test,

The precision test investigated the shape of a tunnel liner under load, the deformations around a
tunnel under load and the stresses within the rock mass. The deformation pattern modelled by each
code was found to be similar to that observed in the tests,

The UDEC model was found to be the only model to replicate the stresses in the rock mass
accurately, but did not correctly replicate the fracturing in the rock evident in the experiment. The
fracturing of the rock mass was best replicated by FLEX.

The authors concluded that these codes could model rock mass behaviour and produce credible
results. However, the models need to be developed with care, applied with caution and the results
critically assessed. They also posed the important question of what is an acceptable level of

accuracy.

A review of the numerical methods used in rock mechanics was also published by Jing and Hudson
{2002). This paper reviews the methodology of the different numerical techniques and the
applications for which they have been used. The authors discussed the most commonly used
numerical fechniques for rock mechanics applications and their advantages and shortcomings.
They did not, however, make recommendations as to which methods should be utilised (or, more
importantly, which methods should not).

The authors found that the commonly used continuum methods included the finite difference
method (FDM), the finite element method (FEM) and the boundary element method (BEM).

The FDM was found to use computer memory and storage efficiently and allowed a more

straightforward simulation of complex constitutive material behaviour. However, this technique
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was also found to be inflexible in dealing with fractures, complex boundary conditions and
heterogeneous materials. The explicit representation of fractures in the FDM was not easy because
continuity of the functions between the neighbouring grid points was required. As a result, the
FDM was generally unsuitable for modelling practical rock mechanics problems.

The FEM is widely used in science and engineering. It was one of the ecarliest methods that
provided enough flexibility to treat the issues of material heterogeneity, non-linear deformability,
complex boundary conditions, gravity and in-situ stresses. However, the problems associated with
modelling fracture initiation and growth was found to be a major limitation of the application of
FEM to rock mechanics problems.

The BEM seeks a “weak solution™ at a global scale, as opposed to the FDM and FEM. That is, this
method looks at the overall behaviour of the rock mass as opposed to behaviour within the rock
mass. Fracture growth can be simulated in one of two ways. The first way is to divide the problem
domain into multiple sub-domains with fractures along their interfaces and a pre-assumed fracture
path. The alternative is the dual boundary element method (DBEM), which uses displacement and
fraction boundary equations at opposite surfaces of fracture elements. This makes the BEM
suitable for solving problems of fracturing in homogeneous and lincarly elastic domains. However,
the BEM is not as efficient as the FEM in dealing with material heterogeneity or in simulating non-

linear matertal behaviour,

Jing and Hudson (2002) concluded that the most commonly used discrete methods were the
discrete element method (DEM) and the discuntinuous deformation analysis (DDA) method.

The attraction of the DEM in rock mechanics is that it explicitly models the fractures in a rock
mass. The key advantape of the DEM is that it allows the contact patterns within the components
making up the problem domain to change with the deformation process, whereas with continuum

based methods, these contact patterns remain fixed.

The DDA method is an implicit form of the DEM and has two advantages over the explicit DEM.
These are that it has relatively larger time steps and that it uses closed form integrations for the
stiffness matrices of the elements.
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Hybrid models have combined continuum/discrete methods to model rock engineering problems,
the most popular being hybrids of BEM/FEM, DEM/FEM and DEM/BEM. The authors found
these hybrid models had many advantages over the singular models, but care was required to

ensure continuity or compatibility conditions were met,

The application of numerical modelling techniques to rock mechanics problems is becoming more
common. However, the applicability of the technique adopted needs to capture the behaviour of
the rock mass. Discontinuum methods can model the deformation and rotation of the intact rock
pieces and the sliding along the joints that may occur in a rock mass. For this reason, UDEC, a
discontinuum method program was adopted to model the laboratory tests carried out for this study
(see Chapter 8).

2.5.1.4 Numerical modelling of direct shear tests

To the author’s knowledge, the literature contains only a few examples where direct shear tests on
jointed rock masses have been modelled using discrete element methods. One such study was
carried out by Thiel and Zabuski (1996), who modelled in-situ direct shear tests (see Section 2.4.3)
using UDEC. Their tests on a bedded, sedimentary rock mass were at a scale where the jointing
resulted in anisotropic behaviour. For comparison, the direct shear tests were also modelled using
a continuum method, FLAC in this case. The results of the numerical simulations showed that:

¢ For the given geometry, slip along the bedding planes was observed and considered to
be an important part of the failure process in the simulations. Failure zones then
developed, firstly on the loaded side of the sample, then on the unloaded side followed by
failure through the middle of the sample. Therefore it appeared that failure was
progressive, with slip aiong the discontinuities, followed by shear through the rock.

e For the given geometry, dilation appeared dependent on the applied normal stress.
Simulations where normal stress was low exhibited significant dilation, whereas the

observed dilation in simulations with high normal stresses was not so significant.

e Separation within the sample along a joint set was observed. The separation can be
observed in Figure 2-14, The displacement vectors also suggested that there was rotation
within the model sample. The separation was evident in simulations where applied normal

stresses were low. Separation was not observed in simulations with higher applied normal
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stresses, probably because the relatively low modulus of elasticity of the flysch allowed

more deformation unde: these higher siresses.

separation

—

Figure 2-14: UDEC output showing separation along a joint set (after Thiel and Zabuski, 1996},

o The stress distribution within the blocks making up the model was far from
homogeneous, but was dependent on the geometry of the model and direction of shear
displacement, (see Figure 2-15). Stresses tended to concentrate within some of the blocks,
while the remainder of the blocks remained relatively free of stress.
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Figure 2-15: UDEC output showing stress distribution in a jointed rock mass subject to direct shear
(after Thiel and Zabuski, 1996).
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¢ The most accurate simulations of the in-sifu test results were obtained when the model
explicitly considered the bedding rlanes rather than treating the rock mass as an equivalent

mediure,

¢ It was found that FLAC did not simulate the test results as accurately.

This study by Thiel and Zabusla (1996) demonstrates that, with care, numerical models can be used
to satisfactorily model failure mechanisms within anisotropic rock masses.

2.6 Summary

On the basis of the information available in the literature, the development of analytical criteria
defining jointed rock mass behaviour has not proceeded at the same pace as that of empirical
criteria. This is probably due to the complex interactions between the intact rock and the
discontinuities and is further complicaied by the effects of scale, Although these empirical criteria
have been applied successfully on many projects, they provide little, if any, information on the
interactions and failure mechanisms occurring within the rock mass. Furthermore, the degree of
conservatism in the design is usually unknown and difficult to assess or confirm.

Laboratory testing studies have mostly concentrated on quantifying the effects of one or two joint
sets on the strength and modulus of intact rock. Experimental studies on rock mass behaviour have
mostly used triaxial and uniaxial compressive strength techniques, with limited use of biaxial and
true triaxial techniques. Some testing has examined modes of failure within rock mass samples
subjected to uniaxial compressive stress conditions. However, these tests may not be
representative of in-situ conditions. The application of direct shear techniques to assess rock mass
behaviour has been limited.

The use of numerical technigues has shown potential for modelling the behaviour of rock masses,
particularfy when compleinented with laboratory or field testing, or with field observations.
However, in many instances this is not the case and the assessment of performance is based purely
on estimated properties and numerical model output. In such cases, there is significant potential for

inaccurate assessment of behaviour to be made because of inappropriate models and/or properties.

1t would therefore be useful to carry out a laborators testing program to obtain high quality data on
the behaviour of rock masses. Such studies could concentrate on identifying and modeiling the

45




e

Direct Shear Testing of Jointed Soft Rock Masses—Chapter 2

basic interactions and failure mechanisms that occur within rock masses. This data could then be
used to validate numerical models of the rock masses and assess if a particular numerical technique
is suitable. This may eventually lead to greater accuracy and confidence in our assessment of rock
mass strength, with potential significant benefits to both civil infrastructure and mining projects.
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3 DIRECT SHEAR TESTING

3.1 Introduction

In this chapter, the laboratory techniques appropriate for assessing the behaviour of jointed rock

masses are discussed.

As presented in Chapter 2, the commonly used laboratory techniques have been triaxial and UCS
tests. These techniques have probably been adopted because the tests are relatively straightforward
and inexpensive to perform, the test equipment is widely available and/or the samples can be

obtained relatively easily.

Triaxial testing has been widely used to examine rock mass strength and much has been learned
from these studies, However, this technique involves a number of simplifications that may result in

an inaccurate assessment of behaviour.

One mazjor simplification is that the shear surface through the rock mass is often coincident with the
weakest joint. This may not give a true indicaticn of the rock mass strength in-situ, where failure
may be constrained to occur on a shear plane defined by the geometry of the loading and may

involve both joints and intact rock.

Another issue is that the stiffness restraint provided by the surrounding rock cannot be simulated in
a triaxial test. As a result, a false impression of the in-situ strength and failure mechanism may be
obtained.

This chapter assesses the use of direct shear tests to measure rock mass behaviour, considers the

conditions under which direct shear fests should be carried out and describes the development of

the equipment used to carry out the direct shear tests in this study.
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3.2 Field conditions

The load conditions applied to a rock mass sample during triaxial testing may not be representative
of actual field conditions. This can be illustrated by the following example. Consider a laterally
loaded pile embedded in a jointed rock mass as shown in Figure 3-1.

FIAXNr AL iry

Figure 3-1: Laterally loaded pile in a jointed rock mass.

The application of lateral load on the pile can lead to failure and/or rotation of the pile and/or
failure of the rock mass. If the pile rotaies, the rotation will be resisted by the rock mass both in
front of and behind the wall. The failure surface associated with toe resistance can be reasonably
assumed to commence somewhere close to the toe of the pile and to exit the rock mass at some

noint at the surface. An assumed failure surface through the rock mass is shown in Figure 3-1.

The stress conditions acting on the failure surface in the vicinity of the toe are similar to those
applied in a direct shear test, as indicated in Figure 3-1. Near the toe- of the wall, the failure surface
may involve shearing along joints and through intact rock pieces. The presence of ncn-persistent
joints may also result in shear through intact rock. Dilation of the rock mass as it shears will be.
resisted directly by the overlying rock mass and indirectly by arching of the surrounding rock mass.
Closer to the ground surface, the failure surface has been assumed to coincide with 2 joint. Direct

shear testing of the joint would provide an appropriate estimate of resistance for this situation.

A triaxial test of a rock mass sample taken anywhere on the failure surface would be expected to
fail along one or more joint surfaces. However, as illustrated in Figure 3-1, this may not be the
case in-situ. The direct shear test, on the other hand, can provide a closer simulation of the stress
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path followed by the rock mass at any point on the failure surface. In particular, the inclination of
the failure plane relative to the joint pattern can be controlled by the direct shear apparatus and the
restraint provided by the surrounding ground can be modeiled by the shear box and the application
of the constant nocmal stiffness condition (see Section 3.4).

Direct shear testing can be used to apply different sets of loading conditions to the sample.
Variations of the initial normal stress acting on the rock mass, representing differing sample depths,
can be easily applied in a direct shear test. The sample can also be tested under constant normal
stiffness or constant normal load conditions. The fixed location of the shear plane through the
sample can be used to examine the effects of varying joint inclination on sample response, thus
providing information on anisotropic behaviour, Furthermore, a shear box can be constructed that
allows the mechanisms occurring within the rock mass during the direct shear test to be observed.
Therefore, direct shear testing can be an appropriate technique for assessing the behaviour of rock
masses. It is for these reasons that the direct shear test has been adopted in this study to investigate

rock mass behaviour.

3.3 Previous studies using direct shear tests

Direct shear tests have been used extensively to investigate the shear strength of rock - concrete
interfaces and rock joints (e.g. Patton, 1966; Ladanyi and Acchambault, 1970; Barton, 1973; Barton
and Choubey, 1977; Lam, 1983; Benjelloun et al,, 1990; Skinas et al., 1990; Jing et al, 1992;
Seidel, 1993; Indrarama et al., 1998; Yang and Chiang, 2000; Pearce, 2001; Fardm et al., 2001;
Grasselli and Egger, 2003).

Some investigations have used direct shear tests to investigate the behaviour of intact rock or rock
masses containing one joint set. Lajtai (1969a) discussed the use of direct shear tests for testing
intact rock samples containing a single plane of weakness. Some of tiie objections to the use of

direct shear testing raised at that time were:

¢ Failure was forced along the shear plane rather than along a preferred (hence weaker)
alignment, While this may be undesirable when testing isotropic samples, it is important
when testing anisotropic samples (such as jointed rock masses), as the strength along any

preconceived shear plane can be measured.
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e  One of the principal stresses under direct shear loading was tensile. This state of stress
cannot be reproduced in the triaxial test. However, tensile fzilure of geological materials is

common, so the use of direct shear tests may be reasonable.

o The eccentric application of the shear force can lead to bending of the sample or
rotation of the shear box, leading to a non-uniform distribution of normal stress on the
failure plane. This often results in progressive failure, which may start at points where
normal stress is low. However, the shear apparatus can be modified so the amount of shear

box rotation is reduced.

» The knife-edge type application of shear load can generate stress concentrations that
also lead to progressive failure. This progressive failure may occur more often in reality
than instantaneous failure. This would suggest a better representation of field conditions.

o Stress control o the same degree as in the triaxial test is not possible.

However, the use of direct shear testing should not be dismissed for the reasons listed above. The
heterogeneous nature of rock masses and the uneven distribution of stresses within in-sifu rock
masses may well be greater than any experimental error arising from the use of direct shear
techniques. The progressive nature of failure and the uneven distribution of stresses in rock masses
under shear were highlighted in the study by Thiel and Zabuski (1996), whose work has been

discussed earlier.

Lajtai (1969a) found that direct shear testing also has some advantages, including:

o The direct shear test allows the measurement of ultimate (residual) shear strength as it
allows shear deformation to continue beyond the first stages of fracturing and strength loss.
This is not possible in UCS tests and is difficult to measure accurately with triaxial tests.

¢ The influence of other planes of weakness on rock mass strength is substantially
reduced in the direct shear test because of the rigidity of the shear box. Failure is enforced

along the shear plane rather than along ancther discontinuity.

Afridi et al, (2001) carried out a number of shear tests on intact rock core samples. They stated
that:
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“...even intact rock is subjected to loading conditions similar to those present in the direct shear

machine. Hence, use of other methods in which the loading geometry is entirely different from the
field conditions would be futile.

Therefore, it is possible to conclude that there is no single laboratory technique best suited for
assessing the behaviour of rock masses. The commonly used triaxial and UCS tests are simple and
relatively inexpensive to carry out, but may not simulate field conditions accuratély. Direct shear
tests may better simulate field conditions for some problems, but obtaining suitable samples can be
difficult and the tests expensive to conduct. The choice of test will largely depend on the

availability of suitable testing equipment and samples and the engineering problem being
addressed.

3.4 NS and CNL conditions

A rock mass undergoing shear will usually dilate due to the rock blocks rotating or sliding on
joints. Depending on the circumstances, this dilation may or may not be resisted by the
surrounding rock mass. If there is no resistance to dilation, testing under constant normal load
(CNL) conditions would be appropriate. This condition may apply te shallow failure of rock
slopes. In many cases, however, the dilating rock compresses the adjacent rock mass, which can be
considered to behave as a spring. As the amount of dilation increases, so does the normal stress. In
this case, testing under constant normal stiffness (CNS) conditions may be more appropriate.
Under such conditions and assuming the adjacent rock mass is elastic, the change in normal stress
can be estimated from Hooke’s Law, so that:

Ao =kAy Equation 3-1
where
& [ is the stiffness of the adjacent rock mass, and

® Ay is the dilation.

The CNL and CNS conditions are illustrated in Figure 3-2.
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Figure 3-2;: Description of CNL and CNS conditions.

The normal stress acting at any time on the failure plane can be described by:

n =0, HhAY Equation 3-2

The value of k depends on the Young’s modulus, E, and Poisson’s ratio, v, of the rock mass, and
the geometry of the problem being considered. For example, for the relatively simple case of a
rough concrete pile socketed in rock, Johnston et al. (1987) found that the normal stiffness can be

approximated by:
= Ao, = E 1 Equation 3-3
Ar (+v)r
where

* Ag, is the change in normal stress due to dilation, 4r of the socket, and

» ris the radius of the socket.

The estimation of & for other cases, however, is not as straightforward.
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Skinas et al. (1990) suggested the following approximation of maximum shiffness, K, from:

EL

mx m Equation 3-4

where:
e E=Young’s modulus of rock mass,
¢ L=length of rock mass,
* wv=Poisson’s ratio, and

* c=constant.

Skinas et al. (1990) does not provide any guidance on the estimation of ¢. In their paper, they
provide a worked example in which ¢=1.2 for a synthetic rock made froin a sand-barytes-cement
mixture, although it is not clear what parameters ¢ is related to or how to estimate it.

Equation 3-2 indicates that CNS conditions may be appropriate even in cases involving very
shallow failure where normal stresses on the failure plane are initially very low. Under such
circumstances, if dilation of the failing rock mass is restricted by the surrounding rock, a relatively
large increase in normal stress may be generated and, as a consequence, result in an increase in
strength.

It is for this reason that, in this study, direct shear testing under CNS conditions has been used to
investigate the strength of near surface rock masses.

3.5 Monash University direct shear apparatus

Direct shear testing involves t'e displacement of one half of a sample relative to the other half,
There are several direct shear apparatus capable of testing relatively large-scale samples. One such
apparatus is located at the Imperial College of Science and Technology in London. This shear
apparatus is capable of accommodating samples that are 12” by 16” (300 mm by 400 mm) and has
a capacity of 1000 kN in both the shear and normat directions (Hoek and Bray, 1981).

53

S i in e - e e oy




e = BTy e s e mmmm b e Mo ms e o

Dirzsct Shear Testing of Jointed Soft Rock Masses-Chapter 3

A shear apparatus capable of shearing rock mass samples under CNS or CNL conditions has been
developed at Monash University and has been used in this study. This shear apparatus is described
in a number of dissertations and journal papers (e.g. Pearce, 2001; Haberfield et al., 1994; Seidel,

1993). A photograph of the Monash University shear apparatus is shown in Figure 3-3.

Figure 3-3: Monash University direct shear apparatus

The shear apparatus uses hydraulic actuators to apply normal and shear loads. Load cells attached
to the ram of the actuators have a capacity of up to £250 kN for static conditions, and an accuracy
of 0.2%, or 0.5 kN. For tests with very low initial normal stresses, (<100 kPa), the load cell on the
vertical actuator was replaced with a £50 kN load cell, which has an accuracy of 0.2% or 0.04 kN.
The actuators are hydraulically powered and servo-controlled using an Instron 8800 dual digital
controller. Shear loads can be applied by either load control or displacement control and under
cyclic or monotonic loading conditions. CNS conditions are applied by placing the vertical

actuator in load control and simulating a spring of stiffness k via a feedback system.

The shear load for the testing described in this study was applied using monotonic single ramp

waveforms by placing the horizontal actuator under displacement control. Displacements were
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measured using two internal and three external linear variable displacement transducers (LVDT’s).
The internal LVDT’s were mounted within the actuators and measure actuztor displacement. Two
external LVDT’s were used to measure vertical displacement (dilation). Each was mounted on the
upper half of the shear box and measured the distance to a reference plate mounted on the lower
bal® of the shear box. An external LVDT was used to measure shear displacement. This LVDT is

fixed to the frame of the shear apparatus using a magnetic base and the tip placed against the end of
the shear box.

The vertical piston applying the normal stress to th. sample used roller bearings to restrain rotation
of the top and bottom halves of the shear box and to minimise friction losses.

Loads and displacements in the shear and normal directions were displayed on a computer screen
in real time using digitally controlled software. A program written using HP-Vee (Helfel, 1988)
provides shear -lisplacement, dilation, shear loz1 and normal load outbuts. The shear and normal
stresses were calculated and displayed by the program in real time. These stresses were calculated
by dividing the shear and normal loads by the corrected area of the shear plane.

3.6 Shear boxes

The shear boxes comprise upper and lower halves separated by a gap. The shear box halves need
to be stiff enough to constrain the sample from rotating or translating within the box and to force
the failure surface to develop in the gap between the two halves of the box.

Two shear boxes were used during this study, henceforth referred to as Type “A” and Type “B”
shear boxes. The Type “A" shear box has been used in previous studies of rock joint behaviour,
The larger Type “B” shear box was specifically built for this project.

3.6.1 Type “A” shear box

The Type “A” shear box comprises two halves made from steel plate and can accommodate a
sample 600 mm long by 200 mm high and 160 mm deep. A photograph of the Type “A” shear box
is shown in Figure 3-4. '
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studies (e.g. Seidel, 1993). A photograph showing detail of how the sample is held in the shear box

is shown in Figure 3-6.

) Bottom half

e

| Botiom half

Figure 3-4: Type “A” shear box.

The two halves of the Type “A” shear box are separated with a 25 mm hi gh separator strip.

3.6.2 Type “B” shear Box

el Sideplate (RGN

The Type “B” shear box was designed for testing saniples 400 mm long by 280 mm high by 275
mm deep, and to allow viewing of the mechanisms and failure processes occurring within the
sample during testing. It is constructed from steel plate on three sides, with the front of the shear
box made from perspex braced bv a steel frame. The two halves of the Type “B” shear box are

separated by a 10 mm high separator strip. The ends of the shear box are buttressed to reduce
deflections of the box.

A photograph of the Type “B” shear box is shown in Figure 3-5. The normal load from the shear
rig is transferred to a steel plate on top of the sample by adjustable studs. There are stee! plates at
the sides and back of the box mounted on threaded bars. Each of the side steel plates is mounted
on two 20 mm diameter threaded bars, while each of the back plates is mounted cn four 16 mm
diameter threaded bars. Rotating these bars adjusts the position of the steel plates to bring them
into contact with the sample. Once in contact with the sample, the high stiffness of the threaded
bars holds the sample effectively in place without the need for plaster or grout, as used in previous

| Back plate

Figure 3-6: Detail of side and top plate arrangement.
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The side plates can also be used to appiy = horizontal confining pressure. The relationship between
horizontal load resulting from torque applied to the threaded bars supporting the side plates was
assessed and is shown in Figure 3-7. On average, 5§ Nm torque on each of the threaded bars results
in an average horizontal stress of 100 kPa being applied to the sample.
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0 5 10 15 20
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Figure 3-7: Relationship between torque spplied to threaded bar and stress applied to sample.

The sample 15 held in the shear box by steel plates at the sides, top, bottom and back, while the
front was constrained by 20 mm thick perspex. The perspex front is braced using steel (as shown
in Figure 3-8) to minimise any outwards deflection resulting from dilation of the sample during
shearing. The front bracing was installed after observing relatively high outwards movements of
about 7 mm to 8 mm during the first two shear tests (B1 and B6). «fter installing the front bracing,

the maximum outward movement was reduced ¢ »*.ween about 1 mm and 3 mm.

A edge bracing

Figure 3-8: Braced perspex front of shear bozx.

38

Direct Shear Testing of Jointed Soft Rock Masses~Chapter 3

3.7 Summary

There is no single testing teck. ique that can accurately replicate all the conditions z;.pplicd to a rock
mass in the field. The commonly used techniques of triaxial and UCS testing have been used by
many researchers 10 investiga’2 particular aspects of rock mass behaviour. Quite often, these
techniques have been adopted because the equipment and procedures are readily available and the

samples are relatively cavy to obtain.

This study uses direct shear tests to investigate rock mass behaviour. The use of direct shear tests
on rock masses appears to have been adopted in only a few studies reported in the literature.
However, direct shear testing is an alternative technique that, under many circumstances, may
provide a better representation of the conditions that a rock mass is subjected to in the field. This
method better simulates a number of situations commonly encountered in civil projects in which
the failure surface is largely defined by the geometry of the structural unit (e.g. pile) applying the
load to the rock mass. Boundary conditions that also affect the sample response, such as the

appiication of CNL or CNS conditions, can be easily applied.

The equipment used in this study has been described. The existing Type “A” shear box is long and
narrow and was designed to test rock joints. It was not particularly suited for testing rock masses.
Therefore another shear box was specifically designed and fabricated for this project. The featwes |
of this targer Type “B” shear box have been described. These features include the ability to apply . |
initial horizontal stresses to the sample and a transparent front that allows observation of the L

mechanisms occurring within the sample during shearing.
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4 LABORATORY TESTING PROGRAM

4.1 Program objectives

As discussed in Section 2.4.2, Einstein et al. (1970) concluded that rock mass behaviour (strength
and deformability) was influenced by the:

¢ confining stresses (i.e. boundary conditions) applied to the rock mass,

¢ material properties (in particular the unconfined compressive strength (UCS) of the
intact rock),

& joint spacing,
o joint inclination with respect to the applied loads, and

e joint properties (e.g. joint roughness, cohesion),

It is anticipated that the number of joint sets, the stiffness of the joints and the stiffness applied to

the rock mass could also affect rock mass strength.

The laboratory testing program conducted in this study aimed to provide 2 preliminary
assessment of the influence of variations in the first four parameters listed above on rock mass
strength and failure mechanisims as observed during CNS direct shear testing. In addition, the
effect of introducing a third joint set was also investigated. The influence of joint properties was
not invesiigaicd due to the difficulty of producing joints with different roughness and strength.

4.2 Test configuration |

The rock masses were fabricated by cutting joint sets into an intact block of synthetic rock. The
joint inclination was measured with respect to the shear plane. The sample was then sheared by
laterally displacing the lower half of the shear box while allowing the upper half of the sample to
dilate vertically against a known stiffness. A schematic diagram of a sample in the shear box is
shown in Figure 4-1.
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Figure 4-1: Shesr test and jointing configuration.

The sign convention adopted for joint inclination assumes that joints inclined .iockwise
downwards from the horizontal, taken to be 8, arc negative, and those inclined clockwise
upwards from the horizontal, 6, are positive. In some cases, a third joint set, 03, was cut into the
sample. The joint spacing of the 6 joint set was the same as that of the 9, joint set (and the 6,
joint set where applicable). The profile of the sample shown in Figure 4-1 was consistent with

depth, i.¢. the sample approximated the two-dimensional condition.

An initial (vertical) normal stress was applied to the sample at the beginning of each test. Once
the test had commenced, the normal stress increased or decreased according to the amount of
dilation measured and the specified normal stiffness, k. Given this study examines rock mass
behaviour from a civil engineering perspective, relatively low values of initial normal stress were
adopted.

As discussed in Section 3.4, the estimation of an approptiate value of stiffness, k, is difficult.
The equation suggested by Skinas et al. (1990), repeated in equation 4-1, may provide a suitable

estimation of Kuyax.
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K - EL_ o
max 2(:(1-—-02) Equation 4-

Assuming a rock mass modulus, E=150 MPa, sample length, L=-0.4 m, Poisson’s ratio, v=0.25
and the constant, ¢=1.2, the maximum stifiness, K, =25 kKN/mm. The value of ¢ used is the
same as that used in Skinas et al. (1990), as Skinas et al, (1990) do not provide any directions on
how ¢ is obtained. Based on a sample plan area of 0.4 m by (.28 m, the value of K,,=225
kPa/mm can be estimated. A value of ~=200 kPa/mm was therefore adopted. This value appears
reasonable for near surface rock masses and is less than that adopted by Pearce (2001), who used
=400 kPa/mm to 800 kPa/mm for her tests on joints in Johnstone.

4.3 Jointed rock mass tests

4.3.1 Type “A” tests

The Type “A” tests were carried out while construction of the Type “B” shear box was being
completed. The default Type “A” sample typically had an intact rock strength of about 5 MPa
and contained two joint sets (8, 0,), inclined at (45°, +15°) and spaced at 70 mm. The default
boundary conditions in the Type “A” tests were an initial normal stress of 100 kPa and a constant
normal stiffness of 200 kPa/mm. To examine the effects of varying the parameters listed in
Section 4.1, Type “A” samples were manufactured and tested to assess:

¢ The influence of initial normal stress. One sample was subjected to an initial normal
stress of 200 kPa and another to 400 kPa.

¢ The influence of intact rock sirength. An attempt was made to produce significantly
weaker blocks. However, these blocks were found to have intact rock strengths of about
4 MPa. It was therefore not possible to make any firm conclusions regarding intact rock
strength on rock mass behaviour from the resuits of the Type “A” tests.

o ‘The influence of joint spacing. Two samples with joint scts spaced at 50 mm were

manufactured.

e The influence of a third joint set. Three samples contained a third joint set inclined at
+75° were manufactured.
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The same value of normal stiffiess was used for all Type “A” tests. The influence of varying the

joint inclination was not investigated in the Type “A” tests.

A summary of the Type “A” test results is presented in Appendix A. Detailed results of the Type
“A” tests are presented in Appendix B, where they are presented in graphical form with plots of:

e shear stress, T, versus norma! stress, Gy,
o shear stress, 1, versus shear displacement, dx
o normal stress, G,, versus shear displacement, dx, and

s dilation, dy, versus shear displacement, dx.

The shear and normal stresses were calculated by dividing the applied load acting by the
corrected cross-sectional area of the sample, i.¢. the width of the sample multiplied by the length

of the sample minus displacement. The shear and normal stresses are therefore average stresses

acting on the shear plane.

4.3.2 Type “B” tests

The default Type “B” sample typically comprised an intact rock strength of about 3 MPa and
contained two joint sets inclined at (-45°%+15°%) and spaced at 70 mm. The default boundary
conditions comprised an initial normal stress of 100 kPa, an (estimated) initial horizontal stress
of about 100 kPa and a constant normal stiffness of 200 kPa/mm. The effect of variations in the
parameters listed in Section 4.1 on rock mass strength in direct shear were examined using the

Type “B” samples. Variations in parameters included:

o Testing of two samples with an initial normal stress of either 50 kPa or 300 kPa.

This allowed the influence of initial normal stress on sample behaviour to be assessed.

Dirzct Shear Testing of Jointed Soft Rock Masses-Chapter 4

» Testing of 11 samples containing two jeint sets with different inclinations. This
allowed the effect of joint inclination on sample behaviour to be assessed.

* Testing of five samples constructed with variations in inclination within each joint set
of £5°. This allowed the influence of minor variations in joint inclination on sample
behaviour to be assessed.

¢ Testing of seven samples that contained a third joint set. This aliowed the influenze
of the introduction of a third joint set on sample behaviour to be assessed.

The same default horizontal stress and constant normal stiffness was applied to ail the Type “B”
samples.

A summary of the Type “B” test results is presented in Appendix A. Detailed results of the Type
“B” tests are also presented in graphical form in Appendix B. A visual record of rock mass

behaviour at various stages of each Type “B” shear test has been compiled in Appendices B and

C. The visual records of the Type “A” tests were not available as the shear box used in these
tests did not allow direct observation of the sample during testing.

44 Summary of laboratory testing

The laboratory program was divided into stages so the effects of varying one of the parameters
could be observed. The rock mass samples were prepared so that, as far as practical, only one of
the parameters was varied from the default condition, The parameters examined in each stage of
the testing program are summarised in Table 4-1. A full description of the laboratory testing

program is included in Appendix A.

o e gy e g

» Testing of four samples made from material with an intact rock strength of about 2
MPa. This allowed the influence of intact rock strength on sample behaviour to be

assessed.

o Testing of six samples constructed with a joint spacing of about 32 mm. This

allowed the influence of joint spacing on sample behaviour to be assessed.
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Table 4-1; Summary of laboratery testing program.

Parameter varied Type “A” tests ; Type “B” tests
jointinclination (2 sets) A3 Bl, B2, B3, B4, B5, B6, B7, R7A, B26, B27,
B28.B29, B30
joint inclination (3 sets) A4 B8, BY
joint inclination £5° (2 sets) | - B10, B10A, B11, B12, B31
joint inclination +£5° (3 sets) |- Bi3
intact rock strength, UCS Al, A2 B1¢, B19, Bi94, B20, B21
J'Ditlt spacing AS, A6 B14, Bi5, B16, B17
initial normal stress, &y A7, A8 B22, B23, B24, B25
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5 SAMPLE PREPARATION

5.1 Introduction

There have been 2 number of studies (see Chapter 2) that have used laboratory tests to examine the
behaviour of jointed rock mass samples. These tests allowed the sample behaviour to be measured
under controlled conditions. Ideally, in such studies the properties of the intact rock and joints that
make up the sample should be known and similar to those occurring in the field. Previous studies
into rock mass behaviour include those that have tested samples that have been either recovered
from the field (e.g. Jaeger, 1960; McLamore and Gray, 1967), or that have been fabricated using a
synthetic sof} rock material (e.g. Meyers, 1994; Singh, 1997).

Rock mass samples of a scale suitable for testing in the laboratory are often difficult (and
expensive) to retrieve from the field in a relatively unisturbed state. Disturbance can occur during
retrieval, transportation and preparation of the sample. Field samples are also likely to contain
significant variations in parameters such as intact rock strength, joint spacing, joint inclination,
joint infill and join strength. These variations can mask the influence of each of these parameters
on rock mass behaviour, making meaningful parametric stdies using field samples very difficult.
In addition, it may not be possible to quantify some of the properties of the rock mass and analysis
of the tests thus relies on estimated rather than measured values. For this project, it was essential
that rock and joint properties were known, repeatable and controllable. Hence the choice was made
to use synthetic rather than natural rock.

Rock mass samples that have been fabricated in the laboratory allow for tighter cbntrol of the rock
mass parameters, particularly joint inclination, joint spacing and intact rock strength. The selection
of an appropriate material to model the intact rock is therefore important. This materiai will need
to have similar properties to the rock encountered in the field. It is also desirable for the intact
material to be relatively homogeneous, isotropic and to have reproducible engineering properties.
Moereover, the samples need to be of a scale that will allow the interactions between the intact rock

and the joints to develop and be observed.

This study investigates the behaviour of jointed, soft rock masses, representing in particular the
sedimentary rock that underlies much of the Melbourne metropolitan area. This rock, commonly
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referred to as Melboume Mudstone, consists of interbedded silisto.ies, claystones and sandstones of
Silurian and Lower Devonian age. According to Johoston (1992), the uniexial compressive
strength of the weathered Melbourne Mudstore generally varies between about 0.5 MPa to 20
MPa, depending on the degree o weathering. Recent experience with tunnelling in the Melbourne
area indicates that the uniaxial compressive strength of tresh Meloourne Mudstone can be as high
as 80 MPa. Johnston and Choi (1986) have shown that saturated water content is an excellent
indicator of the properties of Melbourne Mudstone.

5.2 Sample material

The use of naturai Melbourne Mudstones in the test program was not considered feasible due to the
difficulties with sourcing and obtaining a relatively jzrge number of samples. Therefore, rock mass
samples similar to the soft Melborre Mudstone were manufactured from 2 synthetic soft rock
called Johnstone (Johnston and Choi, 1986). This material was developed by simulating the
processes that form sedimentary rock. Johnstone is produced by cotabining crushed siltston= with
cement, weter and set accelerant and then consolidating the mixture under load. The properties of
this rock, as with the naturally occurting Melbourne Mudstone, can be correlated with its saturated
moisture content {or porosity or void ratio). Further details regarding the development of
Johnstone can be found in Johnston and Choi (1986).

There are a number of advantages in using Johnstone for this study. These include Johnstone:

e is relatively homogeneous and isotropic,

o has reproducible engineering properties which are similar to the natural Melrourne

Mudstone and show a similar correlation with saturated water content (or void ratio), and

e is manufactured with a stress history. The stress history of a soft Tock is important,
particularly where failure is likely to occur through the intact rock.

Typical properties of the Johnstone used in this study are presented in Table 5-1. The properties of
Melbourne Mudstone obtained from characterisation tesis conducted by Chiu {1981) are also

presented in Table 5-1 for comparison.

68

Direct Shear Testing of Jointed Soft Rock Masses-Ct. -*

Table 5-1; Typical engineering properties of Joliustene used in this study and of natural Melbourne
Mudstone.

Material UCS (MPa) | Eg,(MPa) o (kPa) lc(kPa) | v

Johnstone (w=14%) | 3.5 (2.5-5.6) | 400 (185-540) | 600 500 |35 [022

Johnstone (w~20%) | 1.8 (0.3-2.5) | 275 (140400) | - - .

Melbourne 1.8-3.0 200-800 110-760 | 940 40.4° | 0.25
Mudstonc (w=10%)
Melbourne 1.5-29 200-400 '70-300 520 33.6° 032
Mudstone (w=14%)

Table 5-1 shows that the Johnstone with w=14% has similar properties to the Melbourne Mudstone
with w=10% alt.ough the UCS of the Johnstone is slightiy higher than that of the Melboumne

Mudstone. The Johnstoiie with wa20% has similar properties to the Melbourne Mudstone with
w=14%.

5.3 Johnstone manufacture

The manufacture of Johnstone is modelled on the natura! process that leads to the formation of
Melbourne Mudstone, albeit at a greatly accelerated rate. The Johnstone was manufactured in two
block sizes. Blocks made for testing in the existing Type “A” shear box have been denoted Type
“A” blocks. Similarly, blocks for testing in the Type “B” shear box have been denoted Type “B”

blocks. The methodology and equipment used in the manufacture of the Johnstone blocks are
described below. |

5.3.1 Johnstone ingredients

The Johnstene blocks were made using the ingredients listed in Table 5-2.
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Table 5-2: Recipes for Johnstone block manufacture.,

Ingredient Type “A” block Type “B” block
Crushed siltstone powder 28.8 kg 70.0 kg
Ordinary cement {type GP) 0.72 kg 1.75 kg

Water 3.A56 kg 84 kg

Set accelerant (10% CaCly) 0.37 kg 09kg

The siltstone powder was preduced by crushing silistone boulders ard cobbles recovered from a
local quarry in Scoresby, Victoria. These were broken down to gravel size before being passed
through a mill to produce a fine powder. The powder was then stored in 200 L drums until
required. The particle size distributions of natural mudstone and the powder used in this study are
presented in Figure 5-1

iy’ i

90f B - natural Melbourmne mudstone

80} X - average gradings
£ 70 druns 1,2.4,5.7,89
< E A - average gradings
E 60 drums 10-14
ﬁ 50 F - drums 36

z (from Cheng 1997)

40F

s0f

20

10f S

0 [~ J. 1. 11113 ~ S Latll L ERIE L. pLp gt i L1 1il]
0.0001 0.001 0.01 0.1 1 10

Particle size {mm)

Figure 5-1: Grading curves of siltstone powder used in Johnstone manufacture.

The Type “A” blocks and some of the early Type “B” blocks were made from the siltstone powder
left over from the work of Cheng (1997). Once the supply of this powder was exhausted, more
powder was produced by passing crushed siltstone threugh a mill. This new powder was also
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passed through a sieve to produce a finet powder. The remainder of the Type “B” blocks were
produced using this powder.

5.3.2 Johnstone batching process

The batching process consisted of mixing the siltstone powder and cement for about 30 seconds in
a 70 litre pan mixer. A solution of tap water and set accelerant was then gradually added to the dry
mixture over a 30 second period. The blended ingredients were mixed for a further 90 seconds,

after which the Johrstone could be seen to be forming small balls. The mixture was then removed
from the mixer.

5.3.3 Johnstone block production

The Johnstone blocks were formed by placing the mixad ingredients into a mould and subjecting
the mixture to a vertical consolidating pressure. The mixture was placed in the mould in layers

about 30 mm thick. Each layer was tamped and the upper surface scarified before the next layer
was placed.

Two moulds were used to produce the Johnstone blocks. The first blocks produced, denoted as
Type “A” blocks, were 560 mm long by 165 mm high by 150 mm wide with a mass of about 33 ke.
However, the majority of the Johrstone blocks were Type “B” blocks, which were 420 mm long by
280 mm high by 274 mm wide with 2 mass of about 81 kg.

The schematic arrangement of the Type “B” mouid is shown in Figure 5-2. The arrangement for

the Type “A” mould was similar to the Type “B” mould. The porous plétes provide drainage
pathways for water as the Johnstone consolidates.
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Figure 5-2: Arrangement of the Type “B” mould.

A photograph of the Type “B” mould prior to placement of the Johnstone rmxture is shown in

Figure 5-3: Type “B” mould arrangement prior to placement of Johnstone mixture,

72

Direct Shear Testing of Jointed Soft Rock Masses-Chapter 5

Once the Johnstone mixture had been placed in the mould, a stiffened steel top plate was placed on
the porous plate and the mould placed in a hydraulic press. The supports for the mould were

removed and an axial pressure applied to the mixture via the top and base plates. Figure 5-4 shows

L -

the Type “B” mouid ready for placement in the hydraulic press.

Figure 5-4: Type “B” mould containing Johnstone mixture ready for placement in hydraulic press
{note stiffened top plate arrangement).

The mixture was left under load to consolidate. A typical pressure of 3 MPa was applied for a
minimum of four and a half hours, by which time verticai displacement of the sample had
effectively ceased. The Johnstone block was then removed frezn the mould by placing the mould ‘
on a frame, placing a plunger on the top plate and using the hydraulic press to extrude the sample.

The plunger arrangement is shown in Figure 5-5.



Figure 5-5: Plunger placed on top plate.

The extruded sample was placed in a high humidity room for at least 28 days to cure. Further
details on the procedures for batching, mixing, placing and consolidating the Johnstone can be
found in Johnston and Choi (1986).

Each block of Johnstone took one day to produce.” The ingredients were measured out the day
before, so that batching could commence at the start of the day. The batching process took about
15 minutes, placement of the Johnstone mixture in the mould took about 45 minutes and
application of the consolidating Joad another 30 minutes. The consolidating load was maintained
for about 6 hours, during which time the ingredients for the next block were prepared. Removal of
the consolidating Joad, extrusion of the sample and transfer of the Johnstone block to the high
humidity room took about an hour, The process of making the Johnstone blocks was physicaily

demanding.
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5.4 Johnstone properties

The Johnstene blocks were tested to assess their engineering properties, These tests were generally
carried out on samples recovered from the rock mass afier shear testing. Properties measured
included saturated moisture content, unconfined compressive strength, secant modulus, tensile

strength, intact friction angle, intact cohesion and joint friction angie. Details of these properties
follow.

5.4.1 Saturated moisture content

The saturated moisture content of the Johnstone used in each shear and UCS test was measured. A
piece of the Johnstone was recovered from each sample and vacuum saturated under water for at
least 24 hours in a desiccator before being tested. Moisture contents were measured to assist in
developing a study specific correlation between saturated moisture content and the strength and
secan! modulus of the Johnstone, and to provide an indication of the consistency between the
Johnstone blocks.

5.4.2 UCS and modulus testing

Unconfined compressive strength tests were carried out on core samples recovered, where possible,
from each rock mass sample afier sheer testing. Cores were chosen from areas of the sample that
appeared to be relatively lightly loaded and to have suffered no observable damage during the shear
testing. The core samples were obtained using a 54 mm diameter core barrel. ' The ends of the core
were prepared using a diamond saw. The UCS and secant modulus values were measured in tests
that were camried out in general accordance with the ISRM procedure “Suggested Methods for
Determining the Uniaxial Compressive Strength and Deformability of Rock Materials” (Brown,
1981).

However, some of these cores did not comply with this standard in that they did not achieve a
length to diameter ratio of between 2:1 and 3:1, This was due to breakage during coring or during
core sample preparation. Several tests were on triangular prisms with each side about 65 mm in
length (from samples B24 and B25) rather than on core samples. This was because suitable cores
could not be obtained from these samples. These prisms were tested to give indicative strength

values only.
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The variation of UCS and secant modulus with saturated moisture content for the Johnstone
produced for this project is shown in Figure 5-6 and Figure 5-7 respectively.
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Figure 5-6: Correlation between saturated moisture content and UCS for Type “B” blocks.
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Figure 5-7: Correlation between saturated moisture content and secant modulus.
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There appears to be a good correlation between the saturated moisture content and the UCS of the
Type “B” Johnstone blocks manufactured in this study. The UCS values for the Type “A” blocks
appear to be generally less than for the Type “B™ blocks for the same moisture content. This is
thought to be due to the quality of the cement used to make the Type “A” blocks. It is possible that
the cement used in the Type “A” blocks had deteriorated before use. Therefore, all the Type “B”
blocks were manufactured using fresh cement,

The correlation between saturated moisture content and secant moduius shows more scatter.

The correlation between the saturated moisture content, m/c, and the UCS and modulus of the Type
“B” Johnstone blocks can be approximated by:

UCS =-04m/c+9.5 Equation 5-1

E=-29m/c+840 Equation 5-2

Figure 53-8 and Figure 5-9 compare the UCS and secant modulus values obtained from the Type
“B” samples during this study with earlier studies.
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Figure 5-8: Comparison of UCS test results with earlier studies.
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Figure 5-9: Comparison of secant modulus test results with earlier studies.

Figure 5-8 and Figure 5-9 indicate that the UCS and secant modulus values obtained in this study

are similar to those of earlier studies.

5.4.3 Brazilian testing

The tensile strength of the Johnstone was assessed from Brazilian tests. Two cores (from Tests B5
and B18) were prepared and tested in accordance with ISRM procedure “Suggested Method for
Determining Indirect Tensile Strength by the Brazilian Test” (Brown, 1981). It was found that the
tensile strength of the Johnstone produced in this project was similar to that of earlier studi=3. The
ratio of compressive to tensile strength was found to be about 5, which is close to a ratio of 7

suggested by Johnston (1985) for s.ft argillaceous rocks.

5.4.4 Rock triaxial testing

Consolidated, drained (CD) triaxial tests were carried out to assess the effective friction angle and
cohesion of the intact Johnstone. These tests were carried out on core samples recovered from tests
B4 (UCS=3.0 MPa) and B10 (UCS=3.5 MPa). A backpressure of 0.9 MPa was used in all tests.

The cell pressure was varied for each test so that effective confining pressures of 0.5 MPa, 2.4 MPa
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and 3.0 MPa were applied. Samples were saturated in the cell to obtain a pinimum B value of

0.95. The samples were then consolidated to their nominated effective confining st:css and sheared
at a rate of 0.004 mmv/sec.

The stress paths obtained from the CD triaxial tests are plotted in p-q space in Figure 5-10 and
Figure 5-11. The UCS value has also been included. A linear trendline has been generated through
the peak values to allow estimation Mohr-Coulomb strength parameters.
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Figure 5-10: Stress paths and peak envelope for Test B4 samples.
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Figure 5-11: Stress paths and peak envelope for Test B10 samples.
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The effective Mohr-Coulomb strength parameters for the Johnstone used in Test B4 (¢'=35° e 5.4.5 Rock joint propertics
¢’=1040 kPa) and Test B10 (¢'=39°, c'=980 kP’a) were assessed from the envelopes of the p-q
curves. These values have been plotted against earlier results from Kodikara { 1989) and are shown - X nts were cut into the intact Johnstone blocks using a (circular) diamond saw (see Section 5.5.1)
in Figure 5-12 and Figure 5-13. - This produced a smooth, unaltered, planar joint. A photograph of a typical joint surface is shown
in Figure 5-14.
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Figure 5-12: Variation of cohesion with saturated moisture content.
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+ -, J - Figure 5-14: Typical joint surface produced by cutting process.
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A-.., . The friction angle of a typical joint was obtained by testing a rock block containing a single
horizontul joint in direct shear. The joint friction angle, ¢;, measured from this test (see test Joint

in Appendix B) was 29°. Another test (Test B28) was carried out on a rock mass containing
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Figure 5-13: Variation of friction angle with saturated moisture content.
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5.5 Jointed rock mass sample fabrication

5.5.1 Cutting apparatus

Joints were cut into the intact blocks using circular saws fitted with diamond blades. The Type “A”
blocks were cut using a common brick-cutting saw. The Type “B” blocks were cut using a block

saw that was specifically designed and built for this project.
5.5.1.1 Brick saw

A brick-cutting saw, simélar to those used on construction sites to cut bricks and tiles, was used to
cut joints into the Type “A” blocks. The brick saw used in this study has a blade diameter of 410
mm, a blade thickness of 3 mm and spins at 2850 rpm (blade tip velocity = 61 m/s). The blade is

cooled by water, which also washes away the curtings.
5.5.1.2 Block saw

A custom-builé block saw, shown in Figure 5-15, was used to cut the joints into the Type “B”
blocks. The block saw has a blade diameter of 800 mm, a blade thickness of 4.5 mm and spins &t
950 rpm (blade tip velocity ~ 40 m/s). Water was used to cool the blade and wash away cuttings

from the blade and sample.
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Figure 5-15: Block saw, showing turntable and trolley arrangement.

3.5.2 Cutting procedure-Type “A” blocks

Prior to cutting the joints, the desired jointing pattern was inscribed onto the surface of the block.
The Type “A” blocks were cut by placing the block on the tray of the brick saw and aligning the

scribed joint with the blade. The tray and block were then pushed towards and past the blade to cut
the joint.

5.5.3 Cutting procedure-Type “B” blocks

Prior to cutting the joints, the desired jointing pattern was inscribed onto the block surface, an
example of which is shown in Figure 5-16.
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Figure 5-16: Jointing pattern scribed on block surface.

The block saw was designed to allow Johnstone blocks up to 300 mm deep to be cut. The
Johnstone block is placed on a specially designed pallet that allows the block to be transported and

fastened to the turntable, as shown in Figure 3-17.

oy

Figure 5-17: Block on pallet fastened to furntable.
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The block is placed on & tumntable that can be rotated so the inscribed joint is aligned with the
blade, as shown in Figure 5-18, and locked in position. It is estimated from measurements taken of
the finished samples that the joint inclinations cut into the samples produced for this study were
accurate to within +0.5°, |

The tumtable is located on a trolley as shown in Figure 5-15 and Figure 5-17. The trolley moves at
right angles to the blade and allows joint spacing to be controlled to within £2 mm. Once the joint
is aligned with the blade, the trolley is locked in position and the blade pulled through the block.

Figure 5-18: Detail showing positioning of block and scribed joint with respect to blade.

For this study, the first joint set was cut by moving the trolley one joint spacing after each cut. This
resulted in parallel joints and the removal of about 5 mm of Johnstone with each cut, as shown in
Figure 5-19.
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Figure 5-19: Block after first joint set has been cut.

After all the joints in the first joint set had been cut, the blocks were pushed together to close the
gaps and the inscribed lines of the uncut joints aligned. Plywood falsework was placed around the
sample and the gaps between the Johnstone and the falsework filled with packing material
(plasterboard) as shown in Figure 5-20. The packing material reduced movement of the Johnstone
as the blade passed through the sample and also prevented pieces at the edge of the block from
falling off the tarntable and breaking during the cutting process.
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Joint set to be cut

Figure 5-20: Sample with realigned joints surrounded by falsework.

The second joint set was then aligned with the blade and cut by pulling the blade along each of the

inscribed lines. This produced a sample with two nominally parallel, equally spaced joint sets, as
shown in Figure 5-21.

Figure 5-21: Sample after second joint set had been cut.
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For samples containing three joint sets, the process of closing the gaps produced by the cuts,
realigning the uncut joint set, fitting the falsework and packing material and cutting the joints was
repeated.

The time taken to inscribe and cut the joint sets into each block was about 45 minutes for blocks

with two joint sets and about an hour for blocks with three joint sets.

5.5.4 Rock mass sample assembly

The cutting process produced a number of small prisms of intact rock. The jointed rock mass was

produced by assembling these prisms so that the joints were aligned.

The pieces of the Type “A” sample were reassembled on a flat suriace so that the joints were as
aligned and as planar as practical. The sample was then wrapped in plastic food wrap, placed in a
plywood form and encapsulated in plaster.

The pieces of the Type “B” rock mass were placed in a form made from steel plate that had been
ground flat. The form had removable sides to facilitate assembly of the rock mass. Figure 5-22

shows the steel form with one side removed.

Figure 5-22: Steel form used to encapsulate Type “B” samples in plaster.
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Prior to assembly of the rock mass, the sides of the steel form were removed and the base covered
with plastic food wrap. Reference lines were drawn on the plastic wrap to aid alignment of the
joints. Each piece of intact rock was then removed from the cut block, cleaned of any cuttings and
smear and placed in the same relative position on the steel base. A partially assembled rock mass,
with joints that appear to be aligned, clean, smooth and planar is shown in Figure 5-23.

Figure 5-24: Reassembled rock mass,
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The reassembly process was continued until the rock mass had been completed, as shown in Figure
5.24, The reassembled rock mass shown has some joints that do not appear to be tight and 1s
missing sume of the small outer pieces. The joint aperture was partially reduced by wrapping the
reassembled rock mass in plastic food wrap. The plastic food wrap also prevented the ingress of
plaster into the joints and prevented the piaster from drawing water out of the Johnstone.

The cutting process removed about 5 mm of rock material with each cut. This meant that when the
sample was reassembled, the outer surface of the rock mass was often uneven. Some of the smaller
pieces at the edge of the sample were also lost. This meant the contact between the rock mass
sample and the shear box would not be even. To overcome this problem, the steel form was placed
around each sample and the volume between the fortn and the sample filled with plaster. The form
also comprised 18 mm plywood strips on either side of the shear plane to form a void in the plaster.
Figure 5-25 shows a reassembled sample wrapped in plastic food wrap surrounded by the stcel
form prior to plaster being placed in the void between the sample and the steel form. The plywood
strips used to form a void at each end of the shear plane can also be seen. The encapsulating
plaster allowed the sample to be handled, transported, placed in the shear box _and tested without
loss of joint alignment. This also meant the outer profile of the sample was consistent, reducing

shear box preparation time.

Figure 5-25: Reassembled sample in steel form.
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Once the encapsulating plaster had cured, the sides of the steel form and the plywood strips at
either end of the shear plane were removed. The sample was then rotated forward onto a pallet. A
typical jointed rock mass sample ready for installation into the shear box is shown in Figure 5-26.

The joints in this finished rock mass now appear to be reasonably tight and the void formed at one
end of the shear plane can be clearly seen.

Figure 5-26: Reassembled sample encapsulated in plaster.

Each sample took about 30 minutes to reassemble and wrap in plastic. Mixing and pouring the
plaster took about another 20 minutes. The plaster was left to cure for about two hours before the
steel form was removed. The plaster was then allowed to air cure for about 30 minutes before the

rock mass sample was placed in a high humidity room until required for testing.

The quality of samples improved over the duration of the project. The joints in the early samples
were not as well aligned or as tight as in later samples, but still appeared to be reasonably planar.
The samples with three joint sets were considerably more difficult to fabricate. However, the joints

in these samples also appeared to be reasonably planar, as shown in Figure 5-27.
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5.5.5.2 Type “B” shear tests

The Type “B™ samples were placed in the shear box immediately before testing, The sample was
taken from the high humidity room and placed between the side plates of the Type “B” shear box.

The top plate was then placed on the sample, as shown in Figure 5-28.

-45 «i% +15

Figure 5-27: Sample containing three joint sets (from Test B24).

5.5.5 Shear test procedure-preparation

5.5.5.1 Type “A” shear tests

) . Figure 5-28: Rock mass sample encapsulated in plaster, showing voids at each end of shear plane and . i
On the day prior to testing, the Type “A” saniple’ was taken from the high humidity room and |

placed in the lower half of the Type “A” shear box. The sample was then cast into the lower half of
the shear box using plaster. A void was formed along the shear plane using 25 mm thick rubber
strips. The top half of the shear box was then placed over the sample and fixed to the bottom half
of the shear box using the separator strips. The top plate was removed so that the top half of the
shear box could be filled with plaster. The top plate was then immediately reinstated and the
sample bolted into the CNS shear apparatus and left overight for the plaster to cure.

uneven outer surface and loss of smaller pieces at edge of Johnstone (from Test B14).

The lower perspex front was used to push the sample into the shear box as it was bolted into
position. The rear plates were bought forward until they made contact with fhe sample. The top o
plate was then aligned with the four studs in the top of the shear box, and the studs then bought into )
contact with the top plate. The upper perspex front was then bolted into place. The side plates _
were bought into contact with the sample by rotating the threaded bars. A torque was applied to -"
the threaded bars so that an inferred horizontal stress of 100 kPa was applied to the ends of the s
" sample. The shear box was then bolted into the CNS shear apparatus. The separator strips joining

On the morning of the test, the rubber sirips and exposed food wrap were removed and the external
LVDT’s and reference plates fitted. Further details of testing using the Type “A” shear box can be

found in Pearce (2001).

the upper and lower halves of the shear box were removed and the external LVDT’s and reference
plates were then fitted to the shear box. Figure 5-29 shows the shear box containing a sample after
placement in the shear apparatus.
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60 mm, which allowed measurement of the pre-peak behaviour and some of the post-peak
behaviour.

5.5.7 Shear test-tidy up

After each shear test, the shear box was removed from the shear apparatus and the sample removed
from the shear box and inspected to assess the extent of damage to the rock, Pieces of the intact
rock were recovered for saturated moisture content testing. Where possible, core samples were
taken from the intact rock for UCS, triaxial or Brazilian testing. The remainder of the sample was
discarded. The shear boxes were then cleaned and prepared for the next test.

5.6 Summary

The manufacture of the modelling material (Johnstone) used in this study has been briefly
described in this chapter. The engineering properties of the Johnstone were assessed and found to

be similar to those used in earlier studies and of the natural parent Melbourne Mudstone.

Figure 5-29: Shear box with sample placed in shear apparatus (from Test B3).

The equipment used to manufacture and cut joints into the Johnstone was also described. Most of

di there
“B” samples could be placed in the shear box and tested on the same day because
o o : the equipment was designed and built specifically for this project.

was no need to wait for the encapsulating plaster to cure. The preparation of the sanple in the

shear box and the placement of the shear box in the shear apparatus took about an hour.
The processes involved in the fabrication of the sample have also been discussed. It has been

d ti demonstrated that joint patterns can be cut to relatively tight tolerances.
5.5.6 Shear test procedure-execution

The preparation of the samples in the shear boxes, the placement of the shear boxes in the shear

The shear test comprised the following stages:
apparatus and the test procedures have also been outlined.

o Application of initial normal stress. The initial normal stress was applied as a
monotonic linear ramp te the target siress (typically 100 kPa). The duration of the ramp

The time taken for each of these processes has been presented. Typically, each Johnstone block

Plaksr/ gt 3i i

was 300 seconds. took about a day to manufacture, each sample took about half a day to prepare and the placement

. and testing of each sample took about half a day.
e Application of consolidating siress. After the initial normal stress had been reached, it

was maintained for a further 300 seconds to allow excess porewater pressures to dissipate.

o Application of shear displacement. The lower half of the sample was displaced at a rate
of 0.5 mm/min. The upper half of the shear box was allowed to dilate under CNS
conditions. The lower half of the shear box was displaced typically between 30 mm and
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6 RESULTS OF DIRECT SHEAR TESTS

6.1 Introduction

This chapter describes the laboratory direct shear tests on jointed rock mass samples carried out
for this project. These shear tests were conducted under relatively tightly controlled and
consistent conditions that attempted to simulate the in-situ conditions typically experienced by
near surface rock masses. The samples were carefully manufactured to enable the influence of
intact rock strength (UCS), joint inclination, joint spacing, number of joint sets, initial normal

stress and sample geometry on rock mass behaviour to be examined.

Measurements of average shear stress, normal stress, dilation and shear displacement applied to
the sample were made during each test. The UCS, secant modulus and satwated moisture
content of the intact material, and joint and machine compliance were measured subsequent to

direct shear testing. The behaviour of the Type “B” samples was also recorded using time-lapse

photography.

The behaviour of the samples during the consolidation and shear stages of the test is examined.
Video footage of the tests was used to help identify the pre-peak and failure mechanisms within
the samples as shear displacement occurred. Two dominant pre-peak mechanisms and three
failure mechanisms were identified. These are described in this chapter and analysed in Chapter
7. The observed influence of each of the parameters listed above on sample behaviour is aléo

discussed.

6.2 Consolidation phase

6.2.1 Introduction

This study examines the behaviour of rock mass samples subjected to direct shear under low
norma? stresses. Most of the rock mass samples were consolidated to an initial normal stress of
100 kPa prior to testing, which represents about four metres of overburden (assuming a deep
water table).
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To investigate the effect of initial normal stress on sample behaviour, two Type “B” samples
were consolidated at 50 XPa and another two at 300 kPa. One Type “A” sample was

consolidated at 200 kPa and another at 409 kPa.

6.2.2 Application of initial normal stress

The normal stress was applied as a monotonic linear ramp to the target initial normal stress, and
then maintained to consolidate the sample by allowing time for excess porewater pressures
within the rock mass to dissipate. A typical example of the variation of normal stress with time
during the consolidation phase, (from Test B2), is shown in Figure 6-1. |
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Figure 6-1: Graph showing applied pormal stress with time (Test B2).

6.2.3 Vertical displacement resulting from normal stress

The variation 0

measured.
sample. A typical test result showing displacement versus normal stress,

shown in Figure 6-2.
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£ vertical displacement of the top of the shear box during consolidation was

Jt has been assumed this movement reflects deformation occurring within the
' (from Test B2), is
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Figure 6-2: Graph showing vertical displacement of the top of the shear box with applied normal
stress (Test B2),

In assessing the behaviour shown in Figure 6-2, it should be noted that the self-weight of the
plunger arrangement and the top half of the shear box provided an initial normal stress of about
50 kPa. The vertical displacement due to this normal stress occurred before the LVDT’s could
be attached to the shear box and could not be measured. Figure 6-2 shows that above about 55

kPa, there is a near linear relationship between vertical displacement and normal stress.

Typically, after the target initial normal stress was attained, a small amount of ongoing
displacement was measured over a period of five minutes. This is shown in Figure 6-2 by the
vertical line at 100 kPa normal stress. This ongoing displacement is attributed to the dissipation

of excess porewater pressures within the rock mass and perhaps some minor creep effects.

6.2.4 Vertical displacement with time

The vertical displacement of the top of the shear box with time is illustrated in Figure 6-3. Over
the first 300 seconds, the measured displacement increases with increasing normal stress,
suggesting the sample is behaving in an essentially elastic manner. The nonmal siress was then
maintained for another 300 seconds. The vertical displacement continued, albeit at a much

reduced and declining rate.
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Figure 6-3: Graph showing vertical displacement of top of the shear box with time (Test B2).
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Figure 6-4: Sample B2S prior to application of initial normal stress.

The application of the initial normal stress resulted in some joint closure, as shown in Figure 6-4
and Figure 6-5, taken from Test B25. Figure 6-4 shows the sample after it has been placed in
the shear box, but has not been subjected to any applied stresses. There are several gaps
between the rock pieces, despite efforts during the fabricatiqn process to ensure 2ll the joints

were tight.

100

Figure 6-5: Sample B25 after application of initial normal stress.

The same sample is shown in Figure 6-5 after an initial normal stress of 300 kPa has been

applied. Some closure of the gaps is evident.

The vertical displacement measured during the consolidation of this sample therefore included a

contribution from joint closure as well as from elastic effects.

Two consolidation tests were carried out on intact concrete blocks to assess the impact of the
preparation procedure on the repeatability of the behaviour exhibited between ftests.
Displacements of about 1.0 mm at 600 kPa normal stress were recorded for each test. This
repeatability provided confidence that the preparation procedure was reasonably consistent
between tests.

Pearce (2001) assessed that the deformation of the shear apparatus resulting from the
application of a stress of 1 MPa was about 0.1 mm. For the normal stress of 600 kPa applied in
these tests, a displacement of about 0.06 mm would be expected.
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Figure 6-6: Effect of jointing on vertical displacement.

The presence of jointing in the sample increases the measured vertical displacement, as shown
in Figure 6-6. This figure compares the vertical deformation of an intact block of Johnstone
with that of the same block after horizontal and vertical joint sets spaced at 70 mm had been cut

into the sample, as shown in Figure 6-7.

Figure 6-7: Sample B28, used to measure effect of jointing on rock mass modulus.
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The trend lines shown in Figure 6-6 were used to assess the compressive Young’s moduli of the
samples. Values of about 130 MPa for the intact Johnstone block and about 88 MPa for the
jointed rock mass were obtained. Assuming that the compliance of the sample/shear box
interface remained constant, this would indicate that (as expected), the modulus of a rock mass
decreases with the introduction of joints into the rock mass.

The tests on intact and jointed samples were used to calculate joint normal stiffness. It was
assumed that the change in measured vertical displacement between the intact and jointed
sample was the result of the introduction of the joints.

The normal stiffness of the joint was calculated by treating the rock mass as a series of elastic
springs connected in series. The intact rock was represented by springs with a stiffnest:
calculated using one-dimensional Hooke’s law and Young’s modulus obtained from the UCS
tests. The joints were represented by springs of an unknown stiffness. The displacements of all
springs in series were summed and set equal to the total displacement of the sample (after
allowing for the compliance of the sample/shear box interface). The joint normal stiffness of

the joints cut into the sample using the block saw was calculated using this model to be about
1000 kPa/mm.

6.3 Shear behaviour

The behaviour of the rock mass during the shear tests was recorded by measuring and plotting

the following cutputs:

shear stress, 7, versus normal stress, o,

shear stress, 7, versus, shear displacement, dx,

normal stress, d,, versus shear displacement, dx, and

dilation, dy, versus shear displacement, dx.

Examples of these graphs, taken from Test B19A, are presented in Figure 6-8.
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Figure 6-8: Graphs of test output (Test B19A).

Each of these graphs exhibits an essentially linear relationship between the outputs up to failure.
Once peak values of shear stress, normal stress and dilation have been reached, these fali and

continue to decrease with further shear displacement.

To assist with the analysis of the shear tests, the graphs of the measured outputs were divided
into four phases as shown in Figure 6-8, namely initial (A-B), pre-peak (B-C), failure (C-D) and
post-peak (D-E).

The video footage of the tests was used to identify the mechanisms within the sample during the

pre-peak and failure stages of the tests.
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6.3.1 Initial phase (A-B)

6.3.1.1 Shear stress versus normal stress

A nominal herizontal confining stress of 100 kPa was applied to the samples prior to placing the
shear box into the shear apparatus. The sample was then consolidated under an initial (vertica)
normal stress of typically 100 kPa.

It can be observed in Figure 6-8(a) that during this phase, the shear stress initially increases,
accompanied by a slight reduction in normal stress. As the shear stress increases further (as a
result of increasing displacement), normal stress starts to increase due to the sample starting to

dilate against the normal stiffness.

6.3.1.2  Shear stress versus shear displacement

Figure 6-8(b) indicates that shear stress increases on commencement of shear displacement.
After shear displacement has reached about 2 mm, the rate at which the shear stress increases
becomes greater. This suggests that there may have been some initial compliance within the
sample, such as joint closure. However, as the change in the rate at which the shear stress

increases is smal), it is inferred that this compliance is minimal.

6.3.1.3  Dilation versus shear displacement

Figure 6-8(d) shows a lag in the measured dilation with the commencement of shear
displacement. This iniplies that the sample moves horizontally a short distance before any
upward movement of the top of the shear box is recorded. The dilation of the sample is resisted
by the normal stress applied to the sample. Figure 6-9 shows the dilation-displacement
behaviour of similar samples subjected to Jifferent initial normal stresses.
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Fipgure 6-9: Effect of initial normal stress on initial dilation.

it can be seen from Figure 6-9 that the initial normal stress has a significant effect on the
amount of initial dilation and the displacement before the samples begin to dilate. It can be
observed that higher values of initial normal stress can cause “negative dilation”, which may be

a result of elastic compression of the sample resulting from siress redistribution within the

sample.

Negative dilation was not measured in the shear tests carried out on the intact Johnstone sample
(Test B32A) and the intact concrete sample (Test B33C). This suggests (as described below) it
is the presence of jointing, hence reduced contact area after a small amount of displacement,
which results in negative dilation. Where negative dilation was observed, it occurred at the
commencement of displacement. The typical average shear displacement recor Jed before the

measured dilation became positive was:

e zero for intact rock,

e about 2 mn for rock masses contzining two joint sets with 6y 100 kPa,

¢ about 7 mm for rock masses containing two joint sets with o;; 200 kPa,

e about 4.5 mm for rock masses containing three joint sets with 6; 100 kPa, and

¢ about 15 mm for rock masses containing three joint seis with o 200 kPa,
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Negative dilation may be explained by considering a simplified rock mass containing two
intersecting joint sets, as shown in Figare 6-10.

Oni Onl + dﬂ'n(dy) Oni +60‘n(dy)-ACl n(de)

\+ i + 4 +

el T
axz=0 "' "_
dx

Figure 6-10: Ditation and elastic deformation resulting from CNS counditions.

Initially, the sample is loaded so that the normal load scts over the entire plan area of the
sample, resulting in an average initial normal stress, o, After a small increment of shear
displacement, dx, the contact area is reduced so that only the leading face is in contact. The
normal stress is calculated over the corrected arca of the sample (rather than the contact area),

so ihe applied load is new acting on a smaller area and results in elastic deformation.

Afier further shear displacement, dilation, dy occurs. Under CNS conditions, this will increase
tte normal stress by the amount Ac,, (4, which is related to the stiffness and the dilation. The
ncrmal stress acting on the leading face is now oy + Ag, @y However, this increased normal
stress results in further elastic deformation, de, Under CNS conditions, the reduction in normal

stress due to elastic deformation, Ao, ), will reduce the normal stress to:
O + Ay, ~ AT, ) Equation 6-1

The CNS condition, therefore, not only works against dilation of the sample, but also works to
overcome the negative dilation. As the top of the sample deflects downwards, the applied
normal stress is reduced. This also reduces elastic effects, so that after 2 small amouwit of shear
displacement, these elastic effects have been overcome. When the sample is subjected to higher
initial rormal stresses, the elastic deformaticns are larger and require greater shear displacement

to be overcome. The largest values of negative dilation were measured in:
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o Test A8, subjected to 0= 400 kPa, negative dilation of 0.45 mm was measured,
» Test B23, subjected to o= 300 kPa, negative dilation of 0.23 mm was measured.

o Test B25, subjected to &, = 300 kPa, negative dilation of 0.35 mm was measured.

6.3.1.4 Normal stress versus shear displacement

The behaviour shown in the normal stress-shear displacement graphs (e.g. Figure 6-8¢) 15
similar to the behaviour shown in the dilation-shear displacement graphs (e.g. Figure 6-8d).
This is because, under CNS .onditions, the normal stress is directly related to dilation by the

normal stiffness.

6.3.2 Pre-peak phase (B-C)

6.3.2.1 Shear stress versus normal siress

The pre-peak behaviour of the shear stress-normal stress (t-G) graphs was found to be

essentially linear. The slope of the line between points B and D was estimated for each test and

has been designated by the symbol .

From testing of rock joinis, it is well established that the shear resistance of a block containing a

single joint with friction angle, ¢, inclined atan angle i, can be estimated from:

7 = o tan(@; +i) Equation 6-2

The shear tests carried out in this study were set up so that if sliding were to occur, it would be

along the joint set inclined at i=8,. If the joint friction angle is &;, the resultant t-c graph for

siiding along this joint should have a slope of bpp=(019)).

In cases of sliding on joints, this angle is often referred to as the “apparent friction angle” of the
joint. This term has been adopted in this study to define the slope of the linear, pre-peak phase
of each test, irrespective of whether the pre-peak mechanism is sliding or something else (e.g8.
rotation).
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When a value of apparent friction angle, ¢,,=(0,+¢;) was obtained, it was observed (from video
footage) that sliding was occwrring. However, for lower values of apparent friction angle, other

mechanisms were observed occurring in the rock mass.

The measured values of ¢, and 8, for each test have been plotted in Figure 6-11. A line
representing (¢ + 0;), where $;=28° has also been plotted.
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Figure 6-11: Measured apparent friction angles, ¢, for values of 6,.

It can be observed in Figure 6-11 that only a few tests appear to have an apparent friction angle
that suggests that sliding along the 0, joint set is occurring. As expected, sliding appears to
occur in the two tests where 0, is 15°. Sliding along the €, joint set is inferred in only one or
two tests where 0, is 30° or 45°. The majority of the tests did not exhibit behaviour associated
with sliding along the 0, joint set. This was confirmed by the video footage. The t—¢ graph for
Test B1 is shown in Figure 6-12,
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Figure 6-12: 1-0 graph for Test B1.

For Test B1, 6,=15°, $;=28° and the measured vale of ¢=42°. Sliding along the 8, joint set
for this test would be expected (from equation 6-2) to produce an apparent friction angle,
dpp=43°, which is very close to the 42° measured during the test. The video footage of this test
confirmed that sliding along the 9, joint set occurred, as shown in Figure 6-13. The relative
displacement along the central 8, joint can be clearly seen, whereas no signiﬁcapt displacement

can be observed along any other joint.

Figure 6-13; Evidence of sliding along the 6, joint set (Test BL).
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The value of ¢, measured in many of the shear tests, as shown in Figure 6-11, indicates a

mechanism other than sliding along the 9, joint set has occurred. These tests were typically
those where 8, 30°

Thiel and Zabuski (1996) carried out a number of in-situ direct shear tests on jointed rock
masses. They described how, rather than sliding along a joint, separation occurred across one of
the joints in the rock mass as it was sheared (see Section 2.5.1.4). Similar separation across a

joint was observed in the video footage taken of the shear tests in this study where sliding was
not observed.

Figure 6-14: Separation along the 6, joint set (bottom right) in Test B18.

An example of this separation is shown in Figure 6-14. The horizontal movement of the bottom
half of the sample, coupled with the vertical movement of the top half of the sample, causes an
apparent rotation of the block, with the opening of the 8; joints closest to the ends of the shear
plane. This can be séen in the bottom right hand joint in Figure 6-14. Separation also occurred
across the top left-hand joint, but was less evident due to the rock pieces above that joint
dropping and resting on the joint.
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It is important to emphasise that rotation of the shear box was prevenied due to the relatively
high stiffiess of the testing apparatus. Therefore, the observed apparent rotation is the result of
displacement and/or rotation of the rock pieces within the sample rather than the result of shear

box rotation.

The values of apparent friction angle are plotted against 8, in Figure 6-15 in which different
symbols have been used to differentiate betvreen observed sliding and rotation.
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Figure 6-15: Variation of apparent friction angle, $pp, with 8.

Figure 6-15 indicates that there appears to be a strong relationship between ¢y, and 6; in the
tests where rotation occurs (but not with 8,-see Figure 6-11). Therefore, it would appear that
the apparent friction angle of the rock mass was influenced by joint inclination for both sliding
and rotation mechanisms. That is, if 9; was low enough to allow sliding to occur, the measured

apparent friction angle is (8; + ¢;). If rotation occurred, the value of the apparent friction angle

appears to be dependent on 8,.

The -G currves of Test B6 and B9 are shown in Figure 6-16. The value of 6, in these tests was
15°. The linear, pre-peak portions of the 7-c responses have been extrapolated back to zero

normal stress. Figure 6-16 indicates an apparent negative cohesion. This apparent negative
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cohesion was not observed in the T-o response of samples with other jointing configurations.

This suggests the samples where 6,=15° may have behaved differently to the other samples.
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Figure 6-16: Inferred negative cohesion extrapolated from t-a plots of Tests B6 and B9.

The conditions that govern whether pre-peak sliding or rotation occurs are discussed further in
Chapter 7.

6.3.2.2  Shear stress versus shear displacement

After a small amount of shear displacement, the gradient of the shear stress-shear displacement
response was generally constant and linear. For the test shown in Figure 6-8(b), the gradient
decreased slightly as the failure stress was approached. This slight decrease was observed in

most of the tests.

While this study does not consider deformation of rock masses, the relative slopes of the shear
stress~shear displacement curves may be of interest and can be used to estimate the shear
stiffness of the samples. The simplified typical pre-peak shear stress-shear displacement
responses of the samples are presented in Figure 6-17. These curves have been obtained by
drawing a line between the origin and the average of the measured values of peak shear stress
and displacement at failure. The average response of the samples that exhibited sliding
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behaviour are shown, together with the average responses of the samples that exhibited 35 ‘
rotational behaviour, grouped by the value of 6;.
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behaviour, except for the tests where 6, was 15°, where a significantly lower average peak shear 0 ? . . . . . S
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stress was observed.

6.3.2.3 Dilation versus shear displacement Figure 6-19: Influence of 6; on auation angle, y.

Once the sample began to dilate (after the initial contraction), the rate of increase in dilation It would appear that the dilation angle correlates better with 8, than with 8. There appears to

with respect to displacement was relatively uniform until just prior to failure, when the dilation be a trend with relatively larger dilation angles for values of 8,=45°, 60° and 75°. In most cases,
rate reduced. Dilation increases the normal stress acting on the sample under CNS conditions lower dilation angles were observed for values of 8,=15°, 30° and 7¥/90°.

until the combination of stresses in the sample are such that failure occurs.
The effects of initial normal stress on dilation can be seen in Figure 6-9. It would appear that

The gradient of the dilation-shear displacement response has been interpreted as a dilation higher initial normal stresses result in smaller dilation angles.

angle, . Graphs showing the influcace of 8; and 8, on the dilation angle are shown in Figure
6-18 and Figure 6-19.
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6.32.4 Normal stress versus shear displacement

Due to the imposed CNS conditions, the normal stress versus shee~ displacement behaviour will

essentially mirror that of the dilation versus shear displacement behaviour.

6.3.3 Peak phase (C-D)

6.3.3.1 Shear stress versus normal stress

Failure was indicated on the 1-0 graphs by the sudden reduction in both shear siress and normal
stress and indicated that the peak shear strength of the sample had been reached.

6.3.32  Shear stress versus shear displacement

Figure 6-8(b) shows that just prior to failure, a slight decrease in the rate of shear stress could be
observed. Failure of the sample, signified by the loss of shear strength, occurred abruptly.

6.3.3.3 Dilation versus shear displacement

The measured dilation reached a localised peak and then dropped at failure. Ascan be observed
in Figure 6-8(d), dilation rate decreased over several millimetres of shear displacement
immediately prior to failure. 1t was observed that peak shear stress occurred at peak dilation.

The variation of the normal stress was simnilar to that of dilation.
6.3.4 Post-peak phase (D-E)
6.3.4.1 Shear stress versus normal stress

The post-peak behaviour of the samples generally displayed continuing reduction of both shear
stress and normal stress, as shown in Figure 6-8(a) and Figure 6-12. However, the 1-C

responses for most of the samples where the 0, joint set was inclined at 15° such as those
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snown in Figure 6-20, show a staaller drop from peak shear and normal siress, followed by a
gradual increase in both shear and normal stresses.
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Figure 6-20: 1-c responses from Tests B6 and B9,

This more gradual increase in shear and normal stress rnay be the result of sliding along the
failure surface. It would be expected that if shear displacement continued to very large values, a
residual friction angle of ¢,,=28° would be reached.

6.3.4.2 Shear stress versus shear displacement

In all tests, shear stress was observed to drop sharply after failure occurred. After this drop, the
shear stress decreased more gradually as shear displacement continued, In some tests, however,
the shear stress was maintained or even increased slightly after the intial drop from peak stress,
as shown in Figure 6-21. These tests were mostly those where 6,=15°. It appears that after the
peak shear stress was reached, the chear stress dropped, then increased as sliding along the

failure surface occurred, until further fracture of the intact rock occurred.
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Figure 6-21¢ Post-peak bekaviour of sample B6 (6,~15°).

6.3.43 Dilation versus shear displacement

Once peak dilation had been reached, the measured dilation (hence normal stress) was cbserved

to behave in one of two ways:

e Typically, dilation reduced with further displacement.

 For tests on samples with 8,=15°, dilation either increased or was maintained with
further shear displacement, as shown in Figure 6-22. This behaviour was similar to that
of the post-peak shear stress with displacement described in Section 6.3.4.2.
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Figure 6-22: Dilation measured during Test B6.
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As shown in Figure 6-22, sample B6 (0,=45° 6,=15°) failed at a shear displacement of about 17
mm. A drop in dilation occurred at this displacement. However, as shear displacement
continued, dilation began to increase again, exceeding that which was measured at failure. This
relatively ductile behaviour, together with the lower dilation angles, suggests that samples with
0, = 15° may behave differently after failure than samples with higher values of 9,.

6.3.5 Progressive failure

It can be observed in Figure 6-8(d) that the rate of dilation doclines as peak strength is
approached. This “rounding” of the graph just prior to peak dilation was possibly due to the
progressive failure of the sample observed during the direct shear tests.

The failure process 'resulting from shearing a jointed rock mass was described by Ladanyi and
Archambault (1970):

“...in each test in which eventually a failure of the rods occurred, the ultimate shear Jailure was
Dpreceded by cracking of the blocks in a typical brittle manner. It is concluded therefrom that ‘
the assumption of a simple shear failure occurring across an intact rock material may be
oversimplified. What really appears to happen, is that the original rock blocks are first fissured
and even crushed in smaller fragments by a compression mechanism, and subsequent shear

occurs then across this already partially damaged rock mass.”

This is the process of progressive failure, This may result from the uneven stress distribution
within 1i.e samples common in direct shear tests, as suggested by a numbt_:r of researchers (e.g.
Lajtai, 1969a; Dounias and Potts, 1993; Thiel and Zabuski, 1996).

The majority of shear tests carried out during this study also exhibited progressive failure
behaviour. The process of progressive failure, using the results from Test B19A presented in
Figure 6-8(2) to (d), is described below.

As shear displacement commenced, separation within the rock mass can be observed. Figure
6-23 shows the separation within the rock mass at a displacement of 6 mm. Up to this
displacement, the pieces within the sample remained intact and the gradients of the shear stress-

displacement and dilation-displacement responses are relatively constant.
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Figure 6-23: Separation in Test B19A at displacement=6 mm.

Shear displacement continued until crack initiation due to tensile failure occurred near the ends
of the shear plane, as shown in Figure 6-24. This cracking commenced at a shear displacement
of about 8 mm.

Crack initiation

Figure 6-24; Crack initiatic.. and further rotation in Test B19A at shear dispiacement=8 mm.

At this displacement, Figure 6-8(b) and (d) show that the shear stress and dilation rates began to
decrease. At this point, the amount of normal stress developed as a result of sample dilation had

reached a level where tensile failure of the intact pieces within the rock mass began. This
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corresponds to the fissuring and crushing of the blocks by the compression mechanism
described by Ladanyi and Archambault (1970).

As shear displacement increased, crack initiation and propagation continued. Figure 6-25
shows the sample at a shear displacement of 13 mm. Further tensile cracking can be observed,
as well as the initial development of a shear plane. At this point, peak shear stress and dilation
were reached.

~— Further crack initiation and propagation

- - . —_— — —— p—————————
. . . .
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Figure 6-25: Fusther crack initiation and propagation and initial development of shear plane at
displacement=13 mm:.

After further shear displacement, crack propagation and the initiation of new cracks appeared to
cease. However, the sk.ca- planc continued to develop, as shown in Figure 6-26. This suggests
that the compression raechanism causing the tensile cracking was no longer acting on the
sample and that the rock mass was now failing by shear through the partially damaged rock

mass.
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the sample. The pre-peak behaviour of the samples exhibiting rotational behaviour also
seemed to be influenced by the value of 8,.

The progressive failure of the sample during shearing has been explained using the video
footage and measured outputs from Test B19A. This observed failure process agrees with that
described by Ladanyi and Archambault (1970).

6.4 Observation of pre-peak and failure mechanisms

6.4.1 Introduction

The video footage of the Type “B” shear tests allowed observation of the mechanisms occurring

within the rock mass prior to and at failure. Two pre-peak mechanisms were identified from

Figure 6-26: Continuing development of shear plane at shear displacement=27 mm.

this footage, namely sliding along the 6, joint set or an apparent rotation about the 0, joint set.

These were introduced in the previous section and are considered more fully below.

The dilation response presented in Figure 6-8(d) showed a gradual decrease in dilation with
continuing dispiacement after peak dilation. This suggests that rotation of the sample had
ceased and the effective separation of the sample info two halves allowed the top half of the

6.4.2 Sliding followed by asperity shear

sample to move downwards under the applied normal stress.

As discussed in Section 4.2, the shear test was configured so that if sliding were to occur, it

6.3.6 Summary of rock mass behaviour would occur along the 8, joint set. Sliding along the , joint set was observed when the value of

0, was generally less than about 30°.

The typical behaviour of the rock mass samples at each stage of the shear test has been

examined, using both the measured outputs and the video footage. Compliance effects have

Consider the idealised, two-dimensional rock mass in Figure 6-27. The jointing pattern forms

what is essentially a very rough rock joint, with “joint asperitics” formed by the intact pieces of
rock.

been shown to be minimal. Negative dilation was observed in most shear tests and has been

explained as being due to elastic effects and to the application of CNS conditions.

Esch sainple was observed to behave in one of two ways with increasing shear displacement.

. Sliding along the 0; joint set was suggested in some tests by the measured outputs and

confirmed by the video footage.

. Alternatively, in samples where sliding was not observed, separation across the 8, joint

sets was observed and appeared to result from the rotation of a number of blocks within
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Joint set 2

Joint set 1

Figure 6-27: Very rough rock joint formed by jointing configuration.

The mechanical behaviour of very rough rock joints, consisting of sliding on, then shearing
through an asperity, has been modelied by a number of researchers, including Haberfield and
Johnston (1994), Kodikara and Johnston (1994), Seidel and Haberfield (1995) and Yang and

Chiang (2000).

If the inclination of the joint sets allows, sliding along a joint set will continue until shearing

through the asperities begins. As displacement continues, a failure surface will eventually form

between points A and B.

A simplified diagram of sliding along a joint set and shear through a single asperity is shown in

Figure 6-28.

Sliding/Asperity Shear

Figure 6-28: Simplified diagram of sliding followed by asperity shear.
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Figure 6-29, for example, shows the very rough rock joint formed in Test B4. There is evidence

of sliding along the 6, joint set and shear through the asperities,

Figure 6-29: Formation of very rough rock joint with sliding and asperity shear (Test B4).
6.4.3 Rotation followed by shear

For the tests where no sliding was observed, separation within the sample at each end of the
shear plane was observed. This separation resulted from applying a shear displacement to the
bottom half of tue sample and gave the appearance that part of the rock mass was rotating.
Also, because no sliding along the 0, joint set was observed, it would appear that the 6, joint set,
from a mechanistic perspective, could be ignored.

Two types of failure mechanisms were identified where rotation was the pre-peak behaviour.
These were strut shear and block shear, so named because of the shape of the portion of the rock
mass that appeared 1o rotate. '
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6.4.3.1 Strut shear

This failure mechanism occurred by shear through a strut connecting the ends of the shear box,

shown schematically in Figure 6-30.

Rotation/Strut Shear

Figure 6-30: Simplified diagram of rotation followed by strut shear,

This failure mechanism was observed when 0, was less than the angle of the diagonal of the

sample, 85. The length of the shear plane is controlled by the width of the strut (i.¢. the spacing

of the 9, joint set). Figure 6-31 shows an example of the strut rotation and failure observed in
Test B9.

Figure 6-31: Shape of strut and length of skear surface (Test BY).
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6.4.3.2 Block shear

This failure mechanism occurred by failure through a block bounded by the top and bottom of

the shear box and the 8, joints nearest the ends of the shear plane, as shown schematically in
Figure 6-32.

Rotation/Block Shear

Figure 6-32: Simplified diagram of rotation followed by block shear.

This failure was observed when 8, was greater than the angle of the diagonal of the sample, 6,.

The length of the shear surface was typically the length of the rock mass. An example of the
block rotation and failure observed in Test B14 is shown in Figure 6-33.

Figure 6-33: Shape of block and length of shear surface (Test B14).

Theoretical models of the pre-peak and failure mechanisms are developed in Chapter 7.
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6.5 Influence of parameters on sample behaviour

The shear behaviour of the rock mass samples tested in this study was found to be dependent on
joint inclination, joint spacing, number of joint sets, intact rock strength and initial normal
stress. This concurs with studies by ¢ thers documented in the literature (refer to Section 2.4.2).
The stiffness applied to the sample may also influence sample behaviour, but was not
considered in this study. The sample behaviour was also observed to be anisotropic, so the
effect of rotating the joint set inclinations with respect to the shear plane inclination is also a
factor that affects shear strength.

The influence of the above parameters was assessed relative to the behaviour observed in tests

on samples comprising the following default parameters:

Two joint sets (inclined at either -30°, 45°; -45°, 15°% .45°, 60°; -60°, 45°),

Joint spacing=70 mm,

Intact rock strength=3 MPa, and

Initial normal stress, o,=100 kPa.

s

The laboratory testing program was divided into stages so that the influence of each of the
above parameters could be examined. During the tests, the shear stress, rormal stress, shear

displacement and dilation were measured.

The normalised pre-peak stress paths for all the Type “B” tests plotted in Figure 6-34 provide an
overall indication of sample behaviowr. It will be demonstrated in Section 6.5.2 that
normalising the shear and normat stresses with the uniaxial compressive strength (UCS) of the
intact rock effectively removes the influence of intact rock strength on sarnple behaviour., The
normalised shear and normal stresses have been denoted T versus o respectively, while the
normalised peak shear and normal stresses have been denoted Tc-,, and E,, respectively. Figure
6-34 shows a relatively wide variation in behaviour that reflects the impact of the above

parameters on the normalised shear strengths of the samples.
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The strength envelopes for a single horizontal joint coinzident with the shear plane (represented
by the dotted linie) and of an intact rock sample (represented by the chain line) are also included

in Figure 6-34. As would be expected, results for the samples tested in this study fall between
these two lines,
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Figure 6-34: Pre-peak ~- o behaviour of the Type “B’ samples.

Figure 6-35 shows the normalised shear, ?,, and normal, Ep, stresses at peak. It can be
observed from this figure that there appears to a reasonable correlation between t, tnd o,
The trend line shown in Figure 6-35 is a power function starting at the origin (as it has been
assumed the samples have no tensile strength). While some scatter about this trend line is
evident, the scatier is relatively small considering the range in joint incliuations and spacings

tested. The equation of this global trendline is:

- = o
z, =0540, Equation 6-3
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Figure 6-35: Variation of normalised peak shear stress vercus normalised peak normal stress for
the Type “B” tests,

The test results of normalised peak shear stress versus shear displacement at failure are

presented in Figure 6-36, normalised peak normal stress versus shear displacement at failure in

Figure 6-37 and dilation versus shear displacement at failure in Figure 6-38. There does not
appear to be any clear correlation of normalised peak shear strength, normalised peak normal

stress and dilation at failure with shear displacement.
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Figure 6-36: Variation of normalised peak shear stress versus shear displacement at failure for the
Type “B” tests.
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Figure 6-37: Variation of normalised peak normal stress versus shear displacement at failure for
the Type “B” tests.
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Figure 6-38: Variation of dilation at failure versus shear displacement at failure for the Type “B”
tests.

6.5.1 Joint inclination
Eleven Type “B” tests were carried out to study the influence of joint inclination on sample

strength. The samples were manufactured from Johnstone vlocks of similar intact strength. The

ioint sets for each test were cut at different inclinations to the shear plane while maintaining a
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constant spacing between joints. The same boundary conditions (initial normal stress and

normal stiffness) were applied in each test. This allowed the influence of joint inclination on

the pre-peak and failure mechanisms and peak shear stress to be assessed. The influence of

Joint inclination on Type “A” samples was not investigated.

The joint sets were varied, with the 6, joint set inclined at -15°, -30°, -45°, -60° or -75° and the 6,
joint set inclined at 15° 30°, 45° 60° or 75°. The combination of joint inclinations produced an

included angle between the joint sets that varied between 60°nd 120°. In four tests, a third joint

set was also cut into the rock. These test results are discussed in Section 6.5.4. Graphs showing

normalised peak shear stress versus normalised peak normal stress, normalised peak shear stress

versus displacement at failure and dilation versus displacement at failure are presented in Figure
6-39 to Figure 6-41.
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Figure 6-39: ;p versus c-sp response for samples containing two joint sets.

Figure 6-39 indicates that there appears {0 be a reasonable correlation between normalised peak

shear and normal stresves. The global trend line has also been plotted in Figure 6-39.
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Nommalised peak shear stress
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Figure 6-40: :Eg. versus displacement at failure plot for rock masses containing two joint sets.
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Figure 6-41: Dilation at failure versus displacement at failure plot for rock masses containing two

joint sets.

The correlation between normalised peak shear stress and shear displacement at failure shown

in Figure 6-40 is poor, while a reasonable relationship between dilation and displacement at

failure can be observed in Figure 6-41. The average dilation angle is about 9°.
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The influence of joint inclination on the observed pre-peak behaviour and failure mechanism is

summarised in Table 6-1.

Table 6-1: Effect of joint inclination on pre-peak and failure mechanism.

0, Pre-peak / failure mechanism

6,

-15° 45° Sliding / asperity shear

-30° 30° Sliding / asperity shear

45° Rotation / block shear

-30°

-45° 15° Rotation / strut shear

>-45° >30° Rotation / block shear

For tests in which 6,=-15° sliding was observed aleng the O, joint set irrespective of the

inclination of the other (8,) joint set. Failure occurred by aspernity shear.

For tests in which 6,=-30° and 0,=30°, sliding followed by asperity shear was observed. When

8, 45° rotation followed by block shear was observed.

For the tests in which 8, -45° rotation followed by either strut or block shear was observed,

depending on the value of G,.

The anisotropy introduced by joint inclination can be examined further by comparing test results

with the same included angie between 6, and 8,, A, but with varying inclination of 6, with

respect to the shear plane (see Figure 6-42).
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Joint set 92

Joint set 91

Figure 6-42: Rotation of joint sets while maintaining a constant included angle, A.
Figure 643 shows the variation in normalised peak shear strength with joint inclination with

respect to the shear plane for samples with the same included angle between the joint sets, The
global trend line has also been plotted.
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Figure 6-43; Effect of included angle on T, versus G,

Figure 6-43 indicates the rotation of the joint sets can produce a significant change in
normalised peak strengths. For example, the values of ?,. for rock masses with an included
angle of 60° between the joint sets range from about 0.15 to about 0.27, depending on 8,. This
indicates the failure mechanism may have changed, resulting in significantly different peak
strengths. The normalised stress paths to failure for the tests with an included angle of 60° are
plotted in Figure 6-44, The (extrapolated) stress path for a horizontal joint has also been
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included, as the sample will have the strength of a joint if the joints are rotated a further 15° in

either direction, because then either 8, or 8, will be coincident with the shear plane.
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Figure 6-44: Stress paths of samples with included angle=60°.

The pre-peak and failure mechanisms of samples B! and B4 lisied in Table 6-1 were sliding
followed by asperity shear, while for sample B6, rotation was followed by strut shear. Figure
6-44 shows how the change in joint inclination has reduced the peak stresses and altered the
stress paths. As 9, increases (becomes more negative or steeper), the peak normalised shear
stress increases to 2 maximum measured value of 0.27 at 8,=-30°, then reduces to 0.15 for 8,=
45°. Similar observations were made when the included angle was 75°. When the included
angle was either 90° or 105°, the peak normalised shear stress was reasonably consistent for the

joint inslinations tested.

Figure 6-45 shows the plots of ?p against O, and 0, so that the influence of each on sample
strength can be observed.
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Figure 6-45: Normalised peak shear strength versus inclination of the 8, and 0, joint sets,

Figure 6-45 would appear to indicate that the inclination of the 0, joint set has little effect on
?,,, except in two tests, for which 8,=15° and lower values of -1?, where obtained. This is more
clearly shown in Figure 6-45(b). The failure mechanism in these tests was strut shear. The

remaining points were from tests where the failure mechanisms were either asperity shear or
block shear.

The effect of 0; on the behaviour of the Type “B" samples with two joint sets is shown in Figure
6-46. Tests with the same value of 6, have been plotted using the same symbol. There appears

to be an increase in i, rmalised peak shear stress as 6; increases.
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Figure 6-46; Effect of 8; on the normalised peak stresses for Type “B” samples with two joint sets,
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Figure 6-47 shows the variation between 1, and the displacement at failure. It can be observed
that the displacement at failure generally fall between about 5 mm and 20 mm, although there is
one data point (Test B1) where the displacement is about 42 mm. Video footage of Test Bl
indicates that sliding along the 8, joint set occurred. As sliding occurred, there was an increase
in normal stress due to dilation of the sample and the application of the CNS condition.
However, the relatively shallow angle meant that a large shear displacement was required to

build up stresses within the sample to the point where failure occurred.
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Figure 6-47: Effect of included angle on ;,, versus displacement at failure.

The influence of ; and 6, on shear displacement at failure is shown in Figure 6-48. There does

not appear to be any clear correlation between the shear displacement at failure and the values
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Figure 6-49 shows the dilation at failure plotted against the included angle.
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Figure 6-49: Dilation at failure versus included angle.

Figure 6-49 shows varying the inclination of 6, while maintaining the included angle can result
in significant changes in the measured dilation at failure. Figure 6-50 shows the variation of
dilation at failure with 0, and 8,. There does not appear to be any clear correlation with 8,, but
dilation appears to be significantly larger for values of 30° 6, @. This may be due to the
rotation of the sample and is analysed further in Chapter 7.
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Figure 6-48: Shear displacement at failure versus inclination of the 0, and 0, joint sets.
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It should be noted that the behaviour of the normalised peak normal stress would reflect the

dilation behaviour due to the application of the CNS condition.
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The effects of rotating the included angle on the normalised peak shear stress and the observed

failure mechanisms have been summarised in Table 6-2.

Table 6-2: Effect of joint inclination on Type “B” rock mass behaviour and peak strength.

Include¢ Angle |Test 0,, 0, % Pre-peak / failure mechanism
60° Bl -15%,45°  {0.237 Sliding / asperity shear
B4 -30°% 30° 0.271 Stiding / asperity shear
B6 -45° 15° 0.154 Rotation / strut shear
75° BS -30° 45° 0.300 Rotation / block shear
B30 ~£0°, 15° 0.132 Rotation / strut shear
90° B26 -30°, 60° 0.270 Rotation / block shear
3 B2 «60°, 30° 0.266 Rotation / block shear
B28 -90°, 0° 0.252 Rotation / block shear
105° BI9A  |-45°% 60" 0.281 Rotation / block shear
B20  [-60%45°  [0.252 Rotetion / bleck shear

Table 6-2 indicates the failure mechanisms vary with the joint inclination of the joint sets with
respect to the shear plane. Where a change of failure mechanism was observed, €.g. on samples
containing included angles of 60° and 75°, the impact on normalised peak shear strength was

significant, i.e. the peak strength differed by a factor of about two. For the tests that failed by

the same mechanisms, t, remained reasonably consistent.

6.5.2 Intact rock strength

6.5.2.1 Type “B” tests

The influence of intact rock mass strength of the Type “B” samples was assessed in four tests,

where the same joint configurations were cut into Johnstone blocks with lower intact strength
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(UCS). The stress plots up to failure for the tests on samples made from Johnstone of differing

strengths are presented in Figure 6-51. The thicker lines represent the samples made from the
stronger Johnstone.
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Figure 6-51: Comparison of pre-peak stress plots of tests on samples with differing imtact rock
strength,

Figure 6-51 shows that the stress path plots have similar form, but the shmp]es made from
stronger Johnstone reached higher peak stresses, as would be expected. As shown in Figure
6-52, normalising the stresses with respect to the UCS of the intact rock reduces the influence of
intact rock strength. The normalised 1, G, space is used henceforth as a miethod of

essentially removing the impact of variations in intact rock strength from the test results.
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Figure 6-52: Comparison of pormalised pre-peak stress plots of tests on Type “B” samples with

differing intact rock strength.

Figure 6-53 shows the displacement at which peak shear stress was reached for the samples
where the influence of intact rock strength was investigated. While discussion of the
deformation of the sample is not within the scope of this study, this graph may still be of interest

as it can be used to compare deformations at failure.
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Figure 6-53: Comparison of normalised shear stress versus displacement graphs for Type “B”

samples with differing intact rock strength,

Figure 6-53 shows that the samples made from stronger Johnstone have a less stiff response in
normalised space and a greater shear displacement to reach peak strength. This may be because
greater displacement (leading to dilation) is required for the stresses to increase to the point at

which failure occurs. This is confirmed by comparing the dilation versus displacement curves,

as shown in Figure 6-54.
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Figure 6-54: Comparison of dilation versus displacement graphs for Type “B” samples with

differing intact rock strengths,

It can be observed in Figure 6-54 that the stronger samples in three of the tests failed at a greater
dilation. This suggests that rock masses with higher intact rock strength may deform more than
similar rock masses with lower intact rock strength before failure occurs (for the test conditions

assumed in this study).

The normalised peak shear strengths and failure mechanisms recorded from the tests where

UCS was varied are summarised in Table 6-3.

Direct Shear Testing of Jointed Soft Rock Masses-Chapter 6

Table 6-3: Effect of UCS on behaviour of Type “B” samples,

Test (6,, 0;,0,") |UCS UCS, ... T, T peat) Pre-peak / Fallure mechanism
MPayUCS,,,.., (kPa) (r,,(,m,, ]

BS (-30°, 45°) 31.37 1010

BI18 1.93 |0.57 510 10.50 Rotation / block shear

B3 (-60°, 45%) 5.66 >1160

B20 238 1042 600 [<0.51] Rotation / block shear

B19A (45°,60%) |2.2] 620

B7A 1.70 |0.77 625 (1.01 Rotation / block shear

B9 (45° 15° 75%) i3.03 460

B21 2.52 10.83 300 |0.65 Rotation / strut shear

Average 0.72 0.72

Table 6-3 lists the UCS of the intact Johnstone blocks used in the tests and the peak shear
stresses of the samples. The table also includes the ratios of intact strengths and peak shear
stresses. On average, there appears to be a good correlation between the reduction of intact rock
strengths and the reduction in peak shear strength of the samples. Variation of the intact rock

strength was not observed to affect the pre-peak or failure mechanism.

6.5.22 Type “A” tests

The effect of varying the intact rock strength on the behaviour of the Type “A" samples is listed
in Table 6-4.

' D, as applicable
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Table 6-4: Effoct of UCS on behaviour of Type “A” samples.

Test (0, &, 9;) |UCS  (UCS,.. % 2wt ¢pp |Inferred’ pre-peak /
. .l L piwen N
Mba) (UCS,,. |[(Pa) i, failare mechanism
plstong)
Al (-45° 159 4.68 590 72° | Sliding / asperity or
Rotation / strut shear
A3 3.28 0.70 390 |0.66 70°
Ad (-45°,15°,75°)1 5.45 600 65° |Rotation / block shear
A2 5.04 0.92 500 [0.83 63°
Average 0.81 0.74

Table 64 lists the UCS of the intact Johnstone blocks and compares the ratio of intact rock
strength with the ratio of peak shear strength of the samples. On average, there appears to be a
good correlation between the ratio of intact strength and the ratio of peak shear strength of the
Type “A” samples, in that a reduction of intact rock strength resﬁlted, on average, in a similar
reduction in rock mass strength. Variation of the intact rock strchgth did not appear to affect the

inferred pre-peak or failure mechanisms.

6.5.3 Sub-Parallel Jointing

Five tests were carried out to examine the influence of small variations (£5°) in joint inclination
within the same joint set on sample strength. Four of these iests were on samples comprising
two joint sets, while one other was on a sample containing three joint sets. The sensitivity of
the failure mechanisms to these small variations in joint inclination was also investigated. Two
of the samples tested, B10 and B12, did not fail. A comparison of the normalised stress plots of
the tests with sub-parallel jointing is presented in Figure 6-55, with the thicker line representing

? The failure mechanisms for the Type “A”™ samples were inferred from the appasent friction angle, $p, obtained from the t-o

CUrves.
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the sample with sub-parallel joints. The comparison between Test B4 and Test B10 has not

been included.
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Figure 6-55: Comparison of the normalised stress plots of the Type “B” samples with sub-parallel

jointing,

Nomalised nommal stress
89vs B13

Nomalised normal stress

B1 s Bi2

The normalised stress paths plotted in Figure 6-55 show that small variations in the joint
inclination, in general, do not appear to significantly affect the behaviour of the sample. The
comparison of Tests B1 and B12 shows the difference between sliding along a joint inclined at
15° and 12°. Tests B7A and B31 failed by block shear, while Tests B9 and B13 failed by strut
shear. However, Test B6 failed by strut shear while Test B11 failed by asperity shear. It is
difficult to distinguish the change in failure mechanism from the graph.
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A comparison of the normalised shear stress, 7 and dilation with displacement are presented in

Figure 6-56 and Figure 6-57 respectively.
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Figure 6-56: Comparison of 7 versus displacement for Type “B” samples with sub-parallel joints,
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Figure 6-57: Comparison of dilation versus displacement for Type “B” samples with sub-parallel

joints.

It can be seen from Figure 6-56 and Figure 6-57 that the small variations in joint inclination did

not produce significant changes in t and dilation versus displacement. However, there appears

to be a more significant difference in the normalised shear stress versus displacement plot for

Tests B6 and B11. The reasons for this are discussed later in this section.

The influence of small variations in joint inclination on sample behaviour is summarised in
Table 6-5.
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Table 6-5: Effect of small variations in joint inclination on Type “B” sample behaviour.

Test Joint Inclination T, Pre-peak / failure mechanisms
Bl -15°, 45° 0.237 Sliding / asperity shear

B12 -13°,43° £5° >0.271 Sliding / no failure occurred
B4 -30°, 30° 0.271 Sliding / asperity shear

B10 -30°, 30° £5° >(.253 Sliding / no failure

B7A -45°, 60° 0.368 Rotation / block shear

B3 45°, 60° £5° 0.299 Rotation / block shear

B6 45°,15° 0.154 Rotation / strut shear

BI11 -40°, 15° £5° 0.205 Sliding / asperity shear

B9 -45°,15°,75° 0.152 . Rotation / strut shear

B13 -45°,15°, 75° £5° 0.142 Rotation / strut shear

For the jointing configurations tested, there was no change in failure mechanism as a result of
small variations in joint inclination, except for Tests B6 and B11. Test B6 failed by strut shear.
However, Test B11 failed by sliding along a joint inclined at -35°. This result shows the
sensitivity of failure mechanism to joint inclination. The angles of 6; in sample B11 were
inadvertently cut at -40°t5°, It can be seen, however, that the peak strengths were different as a

result of the change in mechanism.

In general, samples that failed by the same failure mechanism yielded similar values of
normalised peak shear stress. The normalised peak strengths from tests where strut shear was
observed were very similar to each other (B6=0.154, B9=0.152 and B13=0.142). The
normalised peak strengths from tests where block shear was observed were also similar
(B7A=0.368 and B31=0.299). The value of 8, appears to dictate whether strut or block shear
occurs. It was observed that Tests B7A and B31, which failed by block shear, had higher peak
shear strengths than Tests B6, B9 and B13, which failed by strut shear.
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For the tests where sliding along 6, was observed, samples with sub-parallel joints did not fail.
Shiding was observed in Test B12 along a joint inclined at 6,=-12° as compared with Test Bl,
where sliding was observed along a joint inclined at 8,=-15°. The sliding in Test B10 was
observed along a joint inclined at 8,=-25°, compared to Test B4, where sliding was observed
along a joint inclined at 8,=-30°. The lower dilation and resultant normal stresses did not

generate sufficient stress conditions in the samples to produce shear failure through the shallow
asperities formed by the intersecting joints.

6.5.4 Number of joint sets

6.5.4.1 Type “B” tests

Two tests were carried out o investigate the effects of introducing a third joint set to the rock
mass (Bl vs. B8, B6 vs. B9). The third joint set was inclined at 75° to the shear plane and
produced intact rock pieces in the shape of equilateral triangular prisms. The effect of
introducing a third joint set on the peak strengths of the Type “B” samples is shown in Figure
6-58. The thicker line represents the samples containing three joint sets. _
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Figure 6-58: Effect of third joint set on normalised peak stresses for Type “B” tests.

It can be seen from Figure 6-58 that, for the jointing configurations tested, the third joint set did
not significantly affect the stress paths up to failure.
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The effect of the number of joint sets on the pre-peak and failure mechanisms and normalised
peak shear stresses of the Type “B” samples is summarised in Table 6-6. The measured peak
shear stresses of the samples containing three joint sets were slightly lower than those

The normalised shear stress and dilation versus shear displacement plots for the samples with

two and three joint sets are presented in Figure 6-59 and Figure 6-60 respectively.

0.50 0.50 containing two joint sets. This suggests that the third joint set in these tests was inclined such
0.45 0.45 . '
2 040 040 fhat it had aln‘mst. n.o effect on the strength of the rock mass. However, it may be possible to
g 0.35 *?; 0.35 introduce a third joint set inclined in such a way that it wiil alter the failure mechanism. For
§ 0.30 E 0.30 example, if the third joint set introduced to sample B6 was inclined at a favourable (shallow)
© 0.25 2 025 angle to the sh i i -
E 0.20 T g 0.20 g e‘ o . 8 ear Plam’t, the failure mechanism would change from strut shear to sliding,
'g 0.15 'E 0.15 tesulting in an increase in peak shear siress and greater displacement and dilation at failure.
S 0.10 - S 0.10 However, it was not practically possible to fabricaie samples using the block saw that contained
g-gg y ggﬁ 7 three joint scts with planar joints that were not made up of equilateral triangles.
‘ 0 10 20 30 40 50 0 10 20 30 40 50
i Di t . -
D'SP'chfr\gegg(mm) spl;cgn\;egg(mm) Table 6-6: Effect of number of joint sets on the behaviour of Type “B” samples.
_ Test (6y, 6;, 65) T, IPre—peak / Failure Mechanism
Figure 6-59: Effect of third joint set on 1 versus displacement for Type “B” tests.
[B1 (-15°45°%) 0.237 Sliding / asperity shear
6 6 58 (.15° 450, -75°
P 8 (-15°, 45°, -75%) 0.196 Sliding / asperity shear
5 / 5 _
4 / 4 [B6 (45°, 15°) 0.152 [Rotation / strut shear
E E
E 3 7 E 3
= = 9 (45°, 15°, 75°%) 0.152 i
.% 2 // % 2 IB IRotauonl strut shear
e 1 c 1
0 - 0 /
-1 v y -1

0 10 20 30 40 50 0 10 20 30 40 50

6.542 Type “A” tests
Displacement {mm) Displacement (mm)
B1w B8 B6 vs B9

The results of the Type “A” tests on samples where a third joint set was introduced are
Figure 6-60: Effect of third joint set on dilation versus displacement for Type “B” tests. summarised in Table 6-7, together with a comparison of the normalised peak shear stresses

. ‘ _ N o inferred friction angle, ¢, and inferred failure mechanisimns obtained from the Type “A” tests.
Figure 6-59 and Figure 6-60 suggest that the introduction of a third joint set results in mmnor

reductions of both normalised peak shear and normal strengths, as well as displacement at
failure. However, these test results are inconclusive and further work is required to confirm this

trend.
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was reduced from about 65 mm to about 30 to 35 mm. These samples failed by rotation and
strut shear,

Table 6-7: Effect of number of joint sets on the behaviour of Type “A” samples.

Test (81, 6, 65) T ]q;pp |[nferred Pre-peak / Failure Mechanism
A1 (45°, 15%) 0.126 72°  Sliding/ asperity or rotation / strut shear
A4 (-45° 15°,75°)  D.11¢ 65°  Rotation / block shear

A3 (45°, 15°) 0.119 70°  Bliding / asperity or rotation / strut shear
A2 (-45°, 15°,75°)  0.099 63°  [Rotation / block shear

AS* (-45°, 15°) 0.112 71°  Sliding / asperity or rotation / strut shear
AG™ (-45° 15°,75%) 0.074 59° Rotation / block shear

*Tests AS and A6 contained more closely spaced joints.

Table 6-7 indicates that the introduction of a third joint set appeared to slightly decrease the
normalised peak strength of the Type “A” samples, an outcome similar to the Type “B” tests.
The change in ¢, suggests the pre-peak mechanism has changed. In the Type “A” tests, the
average apparent friction angle for the samples with two joint sets is about 71°. When the third
joint set was introduced, this average reduced to about 63°. The pre-peak behaviour of the
samples containing two joint sets was inferred to be either sliding or strut rotation, whereas

neither of these mechanisms were inferred in tlie samples containing three joint sets.

6.5.5 Joint spacing

6.5.5.1 Type“B” tests

The effect of joint spacing on the normalised stress paths of the Type “B” samples is shown in

Figure 6-61. The thicker lines represent samples with closer joint spacing.
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Figure 6-61: Effect of joint spacing on the normalised peak stresses of the Type “B” samples.

Four samples were manufactured with more closely spaced joints. For the samples containing Figure 6-61 indicates that the decrease in joint spacing has only a minor impact on the stress
two joint sets (Tests B5 and B14; B7A and B15; B20 and B16), the spacing of each joint set
was reduced from a nominal spacing of 70 mm to about 30 mm to 35 mm. These tests failed by

roiation and block shear. For the samples with three joint sets (Tests B9 and B17), the spacing 1

path but results in lower peak stresses in the samples tested. The apparent friction angle in the "
samples where 8,=45° (Tests BS, B14, B20, B16) changed from about 54° to about 48° s the j
spacing was decreased, which suggests the pre-peak mechanisms may have changed.
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When the failure mechanism is block shear, failure occuts by shearing through the intact 6 6
material along most of the shear plane. Therefore, the joint spacing has less influence, other 5
. . . 5
than perhaps to slightly reduce the length of shear plane through the intact materia!. The effect
4
of joint spacing on samples that failed by strut shear is more pronounced. The cross-sectional a / = 4
. . . £
area influenced the shear stress that could be resisted by the strut. Therefore, halving the area b=t 3 E— 3
k=]
would be expected to result in a similar reduction in shear strength. This is confirmed by the %ﬁ 2 / }% 2
& s
average results from Tests B9 and B17. 1 1
0 0 -
The normalised shear stress and dilation versus shear displacement graphs for samples with -1 - . “ .
: - . I : 0 10 20 30 0 10 '
. - : . 20
different joint spacing are presented in Figure 6-62 and Figure 6-63. Displacement (mm) Displacement (mm) 30
BS vs B14 B7A s B15
0.50 0.50 6 6
0.45 045 5 5
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: 4
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® @ / i E E
§ 0.30 /,_.: § 0.30 7 £ 3 E 3 :
B 0.25 % 0.25 /,4 _§ c .
3 / 3 / 3 s 2 5 2 ;
% 0.20 £ 020 & = i)
E 0.15 / E 0.15 / / 1 ° 4 .:-
S payd S / )y
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0.50 0.50 -
0.45 0.45 Figure 6-63: Effect of joint spacing on dilation and displacement at failure for Type “B* tests. il
g 0.40 : 0.40 ! t
3 0.35 £ 035 ' Figure 6-62 and Figure 6-63 show that closer joint spacing produces lower peak stresses at a
§ 0% § 0.30 higher value of . i "
2 025 £ 095 igher value of shear displacement. The greater shear displacement at failure is likely to be due !
E 0.20 // /.. g 0.20 to the higher number of joints in the sample and the resultant cumulative effects of compression *
g 0.15 / / E 0.15 /—~ ‘ of the joints. The measured dilation at failure did not appear to vary much. 1.
2 010 _ Z 0.10 —
0.00 ‘ i 0.00 . ‘ The effect of joint spacing on normalised peak shear strengths and failure mechanisms is
0 10 20 30 0 10 20 30 summarised i -
Displacernent (mm) Displacement (mm) rised in Table 6-8.
820 v B16 BO9ws B17

Figure 6-62: Effect of joint spacing on Tand displacement at failure for Type “B™ tests.
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Table 6-8: Effect of joint spacing on behaviour of Type “B” samples. Table 6-9: Effect of joint spacing on peak shear strength of Type “A” samples.

Test (61, 0, 03) Spacing (mm)| ¢, ?p T plelose ) Pre-peak/failure mechanism : Test (B, 0,,8;) | Spacing|$,, ?,, ¥ picose ) Inferred pre-peak / failare mechanism
T p(wide ) (mm) T p(wide ) i
B5 (-30°, 45°) 70 54 (0,300 | Rotation / block shear Al (-45°% 159 75 72°  10.126 Sliding / asperity shear or
314 30-35 510 10168 |0.60 Rotation / strut shear
B20 (-60°,45%) 70 54°  {0.252 Rotation / block shear A3 20 710112 1089 ."
3035 47 0203 [0.81 A2 (45°, 15°,75%) |75 63° [0.099 Rotation / block shear
B16 - . .
A6 50 (59 |0.074 |o.
B7A (45°, 609 |70 47°  10.368 Rotation / block shear 0.074 10.75
B1s 30-35 a3 10281 076 It can be observed from Table 6-9 that the magnitude of the reduction in peak shear strength
was not similar to that of the reduction of spacing. The measured apparent friction angle
B9 (-45°, 15°, 75%)| 65 61° [0.152 Rotation / strut shear suggests the fatlure mechanism may have been either sliding and asperity shear or strut shear for
_ Type “A” samples containing two joint sets, and block shear for samples with three joint sets, as
B17 30-35 60° 0075 |0.35 discussed in Section 6.5.2.2.

6.5.6 Initial normal stress

6.5.5.2 Type “A” tests 6.5.6.1 Type “B” tests

The ftypical joint spacing in the Type “A” tests (Al and A2) was 70 mm. This spacing was

D e R T T P L o U

: i

] 45 (A5 and AG). The effect of joint spacing on the normatlised peak _ The effect of variations in initial normal stress, 6,;, on sample behaviour was also investigated. _

T two tes an . . ) B ':-

reduedto ml: ':f d fail chanisms of the Type “A” samples is summarised in Table Most samples tested in this study were subjected to ;=100 kPa. Two tests were carried out on i

and inferred failure me; ‘ ,_)

shear siresses samples subjected to an initial normal stress of 50 kPa and another two at 300 kPa. The 1-¢ :
6-9.

responses up to failure recorded from these tests are presented in Figure 6-64. The tests

subjected 1o o,=50 kPa are represented by the thinnest line, those with 6,=100 kPa are

represented by the medium thickness line and those with oxz=300 kPa are represented by the

thickest line. The stress paths for Tests B22 and B14 were almost identical and appear as a
single kine.
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Figure 6-64: Effect of initial normat stress on normalised -0 response,

Block rotation was observed in the samples with two joint sets (B22, B14, B23), while strut
rotation was observed in the samples containing three joint sets (B24, B9, B25). The difference
in the pre-peak behaviour between the block and strut rotation is clearly shown in the stress

plots presented in Figure 6-64(2) and (b).

The normalised shear stress of the samples with two joint sefs (Figure 6-64(a)) appeared to
increase until a line representing the apparent friction angle was reached, after which the shear

strength increased at this angle until the sample failed. These tests failed at a similar value of

normalised peak shear stress.

The normalised shear stress of the samples with three joint sets (Figure 6-64(b)) appeared to
increase until a line representing the strength envelope was reached, at which the sample failed.

For these tests, a similar value of T, was reached for the samples subjected to oy=100 kPa and

200 kPa, whereas the sample subjected to 6,=50 kPa failed at a lower stress.

The pre-peak plots of T versus shear displacement and dilation versus shear displacement for

Type “B” samples subjected to different initial normal stresses are presented in Figure 6-65 and

Figure 6-66 respectively.
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Figure 6-65: Effect of 6, on pre-peak T versus displacement behaviour of Type “B” samples.

Figure 6-65 indicates the samples subjected to the default normal stress of 100 kPa appear to
fail at a greater displacement. However, nearly all the samples fail at about the same normalised

shear stress.

/S

Ditation (mm)

Dilation {(mm)
- ()

"1 v T L) Y T T "1 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Displacernent {mm) Displacement (mm)
B22,B14,B23 (3 B24, 89,825 ()

Figure 6-66: Effect of o, on pre-peak dilation versus displacement behaviour of Type “B” samples.

Figure 6-66 indicates that, in general, that dilation at failure decreases as initial normal stress

increases.
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The effect of initial normal stress on normalised peak shear strengths and observed pre-peak and s Table 6-11: Effect of initial normal stress on Type “A” sample strength.

failure mechanisms 18 summarised in Table 6-10.

Test (6;, 0,) G (KPa) Ou T,
. L) h i - "I
Table 6-10: Bfect of nilal norml sresson Type “B” sample BERAVIOTY AL(45°15% |10 021 0.126
= = Pre-peak / Failure mechanism
Test (©1, 62, 85) Gu(kP2) | Gu T P : A7 200 0.038 0.129
jon / block shear
B22 (-30°, 45%) 50 0015 10.151 Rotation/ A8 400 0.096 0.189
B14 100 0022 |0.168 Rotation / block shear
The effect of initial normal stress on Type “A” sample strength is inconclusive. The initial
B23 300 0.089 [0.175 Rotation / block shear normal stress appears to have had little impact on the normalised peak strengths for Tests Al
Rotation / strut shear ‘1 and A7, but has produced a significant increase in both Gy and T, for Test A8. It is possible
otation/ §
B24 (-45°,15°,75% |50 0.020 0.108 & that the normalised peak shear stress measured from Test A7 or Test A8 may be experimental
89 100 0.033 0.152 Rotation / strut shear outliers. There is general agreement between the increases in applied and normalised initial
normal stresses. However, this agreement is not reflected in the values of peak normalised
B25 300 0.104 |0.159 Rotation / strut shear shear stress.

. . . <
There appears 10 be a slight increase m normalised peak strength as initial normal stres

6.5.7 Rock mass geometry

ncreases. The values of T, were also similar for all the tests except B24.

An indication of the effect of the overall geometry of the rock mass sample on sample behaviour
6.5.6.2 Type“A” tests can be assessed by comparing the results of tests of Type “A” and Type “B” samples. The Type
“A” samples were typically 450 mm long by 165 mm high by 150 mm deep. The Type “B”
The effects of varying the initiai normal stress applied to Type “A” samples were also

investigated. Two shear tests were camried out where the initial normal stress was increased
from 100 kPa to either 200 kPa or 400 kPa. The normalised peak shear strengths obtained from

these tests are summarised in Table 6-11.
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samples were typically 390 mm long by 280 mm high by 275 mm deep. Comparisons of the )

results of the Type “A” and Type “B” samples with two joint sets (Test A3 versus Test B6) and
three joint sets (Test A2 versus B9) have been made. The normalised siress plots to failure are

plotted in Figure 6-67, in which the Type “A” results are represented by the thicker lines.
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conigura . 3

sample.

The effect of sample geometry on the behaviour of T and dilation versus shear displacement 18 i

summarised in Table 6-12.

0.25 0.25 T Table 6-12: Effect of geometry on rock mass behaviour.
@ 0.20 : 020y Test (8,,0,,0) | dpp T Pre-peak / failure mechanism
5 0.15 / 3o ; B6 (45°, 159  |70° 0.154 Rotation / strut shear
£g [}
0
3 2 0.10
% 0.10 / / 2 A3 70° 0.119 Sliding / asperity shear or
: /
2 0.05 7 E 0.05 1~ Rotation / strut shear (inferred)

0.00 1—V - ' _'20 0.00 -0 ﬂ5 1Iu 1I5 20 B9 (-45°, 15°,75% |[61° 0.152 Rotation / strut shear

0 5 10 15 -
Displacement (mm) D'sma;:: " Aig(mrn) ) ‘ :
B6 vs A3 (a) A2 63° 0.099 Rotation / block shear (inferred)

Figure 6-68: Effect of geometry on normalised shear stress versus displacement behaviour.

It would appear that the samples with two joint sets produced similar apparent friction angles, as

did these with three joint sets. This suggests that similar pre-peak mechanisms occurred and
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this is confirmed by the comparison of the stress paths. The values of 1, measured in the Type
«p” tests were about 30% greater than those recorded in the Type “A” tests. This variation may

be the result of normalising the Type “A” results with incorrect values of UCS, as discussed in

Section 5.4.2

The effect of geometry of the sample on the failure mechanism is illustrated in Figure 6-70 and

considered below.

Figure 6-70: Effect of rock mass geometry on faflure mechanism.

Failure by strut shear was observed when a strut was formed between the ends of the shear box.

If the geometry of the sample were changed so the ends of the same “strut” were now between

the top and bottom of the shear box, then block shear would then become the failure
merhanism. For a sample with height H and length L,, (see Figure 6-70), strut shear would be
the anticipated failure mechanism. If the sample length increases to Lz, block shear would be
the anticipated failure mechanism. The change in failure mechanism would also be expected to
affect the peak shear strength of the sample. The geometry of 2 sample with L, shown in Figure
6-70 represents a Type “B” sample, while the geometry of a sample with L, represents a Type

“A” sample.

It shoul@ be noted that sliding and asperity shear were not observed in the tests summarised in
Table 6-12. From other test results, however, sliding was observed for values of 6,=15°,
irrespective of the inclination of the other join: set(s). Itis anticipated that if sliding were the
pre-peak behaviour, changing in the rock mass geometry would not affect the pre-peak

mechanism.
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Therefore, there is the possibility that where rotational behaviour occurs, the failure mechanism

(hence peak strength) could be affected by samiple geometry.

6.5.8 Summary of the effects of rock mass parameters on rock mass

behaviour

The influence of several parameters on the behaviour of the samples tested for this project have
been investigated and described. Variations in these parameters were observed to affect the

behaviour of the samples in direct shear as follows:

¢ Changes in the joint inclination affected pre-peak and failure mechanisms, stress
paths and stresses at which failure occurred. The inclination of the joint sets relative o

the shear plane was (as expected} found to produce anisotropic behaviour.

» Reduction of the strength of the intact rock in the sample was found to cause a
corresponding loss of sample shear strength. However, the pre-peak and failure
mechanisms did not appear to change, resulting in similar stress paths between these
tests irrespective of the intact rock strength. Normalising the stresses measured in each
test by dividing them by the UCS of the intact rock was found to reduce the scatter in

test results produced by variations in intact rock strength.

o Variation of joint inclinations up to +5° did not significantly affect the pre-peak
behaviour or the stresses at peak. Larger variations of joint inclination have the

potential to change the pre-peak and failure mechanisms.

o Increasing the number of joint sets from two to three did not affect the pre-peak
behaviour, but slightly reduced the peak stresses for the jointing configurations tested.
It is likely that a third joint set could be introduced that would change the stress paths
and peak stresses, an example of which is the introduction of a shallow joint that would
change the mechanism from rotation to sliding.

e Decreasing the joint spacing produced a reduction in peak stresses. This was
particularly evident in samples that failed by strut shear, There also appeared to be a
change of the pre-peak mechanism in the samples where 6,=45° and joint spacing was

reduced.
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¢ Increasing the initial normal stress affected the stress paths by increasing the amount
of negative dilation. The stress paths appeared to reach and follow a strength envelope
defined by the apparent friction angle. The changes in initial normal stress were not

observed to change the failure mechanisms.

e The overall geometry of the ;amples tested in this study was not observed to
influence the stress paths to failure, but did produce different values of normalised peak

shear stress.
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7 ANALYSIS OF DIRECT SHEAR TESTS

7.1 Imntroduction

The pre-peak and failure mechanisms observed in the samples during shear testing were

described in Chapter 6 and are presented again in Figure 7-1, Figure 7-2, and Figure 7-3. These

WEre:

* sliding along the 8, joint set, followed by shear through one or several of the intact

picces of the rock mass along the shear plane,

Sliding/Asperity Shear
Figure 7-1: Sliding along an asperity followed by shear though the intact material.

* rotation of a strut formed by the intact pieces making up the rock mass between the
ends of the shear box, followed by shearing through that strut, and

Rotation/Strut Shear
Figure 7-2: Rotation of a strut followed by shear though the strut,

¢ ratation of a block formed by the intact pieces making up the rock mass between the
top and bottom of the shear box and the ends of the shear plane, followed by shearing
through that block.
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Rotation/Block Shear

Figure 7-3: Rotation of a block followed by shear though the block.

The pre-peak and failure mechanisms appeared to be dependent on joint inclination and rock
mass geometry. In this chapter, simple kinematic models are developed to simulate the
mechanisms by which the samples failed. A comparison is also made between the test results

and the GSI model.

7.2 Analysis of pre-peak and failure mechanisms

7.2.1 Failu-e by sliding / asperity shear

Sliding along what could be considered a very rough rock jeint in the rock mass was observed
in tests where both 8, and 6, were low (typically less than 30°). This mechanism consisted of
sliding along the 9, joint set and separation across the 8, joint set, until the stress conditicns
resulted ir. shear through an asperity formed by the intact rock pieces. Sliding was inferred
when the apparent friction angle, ¢,p, was similar io the sum of (0:+¢;) and confirmed by video

footage of the test.

This process is very similar to sliding along regular triangular joint profiles as observed by Lam
and Johnston (1989), or sliding along irregular trianguiar profiles as observed by Kodikara and
Johnston (1994), Yang and Chiang (2000) and Seidel and Haberfield (2002).

The majority of samples tested during this study comprised two joint sets, with joints within
each joint set parallel and regularly spaced. This produced a semi-regular joint profile, as
shown by the thick line in Figure 7-4. This joint profile can be considered as 2 very rough rock

joint with an irregular profile.
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Y

Figure 7-4: Very rough rock joint formed by jointing pattern.

Studies on the behaviour of very rough rock joinis with irregular profiles have been carried out
by Kodikara and Johnston (1994), Yang and Chiang (2000), Indraratna et al. (1998) amongst
others. These very rough rock joints comprised a number of triangular aspezities. 'When these
Joints were sheared, sliding occurred along the steepest asperity, and continued until the strength
of that asperity was reached and the asperity failed. The shear stress was then transferred to the
next steepest asperity. The apparent friction angle, ¢, measured from the 1—o graphs as sliding
continued along the asperity was feund to be similar to the sum of tue asperity angle and the
friction angle of the joint, that is (84+;).

The very rough rock joint shown in Figure 7-4 comprises asperities made up of intact pieces
that vary slightly in size due to construction tolerances. Joint inclinations may also vary by
small amounts, but for the purposes of this discussion, this is of secondary importance.
Therefore, it is likely that one piece will be slightly larger than the others and become the
dominant asperity. The shear strength of this asperity can be calculated and compared with the
shear strength obtained from sliding along the face of the asperity. When the shear stress
required to continue sliding exceeds the shear strength of the asperity, failure by shearing
through the asperity will result. Depending on block size, once this dominant asperity fails,
load will be transferred on to the next most dominant asperity, and so on until an entire shear

plane is formed.
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72.1.1  Shear strength for sliding

The shear force for sliding along a surface with a friction angle of ¢ that is inclined at an angle

of &, (e.g. an asperity) can be calculated from:

§=Ntan(g, +9¢;) Equation 7-1

Each increment of shear displacement produces an increment of dilation. Under CNS
conditions, the normal force, N, will increase due to this dilation. This means that each
increment of shear displacement will result in dilation and an increase in N against the CNS
conditions. As a result, the shear force to maintain sliding will increase with shear displacement

until this asperity fails.

7.2.1.2  Shear strength for asperity shear

As sliding along the asperity leads to more dilation and an increase in normal stress, the stresses
within the asperity will increase until the shear strength of the asperity is exceeded and failure
by shearing through the asperity occurs. The shear strength of an asperity has been calculated
previously by Ladanyi and Archambault (1970) and Lam and Johnston (1989). Consider the
asperity and the hypothetical shear surface shown in Figure 7-5.

Shear surface

- dx

s
N, =N

Figure 7-5: Diagrammatic representation of shear through an asperity.
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An asperity has been defined by the 8, and 6, joints and contains an included angle, ®. For a
small increment of shear displacement, dx, sliding along the 8, joint surface will occur. This

produces dilation, dy, and increases the normal stress acting on the asperity. The contact length
of the asperity becomes L,.

The external (horizontal) shear force, S, required to cause shear throuzh an aspenity can be
calculated from the equation:

S, =Ntany, +cL Equation 7-2

where:

. N is the external {vertical) normal force,

@; is the friction angle of the intact rock,

¢ is the cohesion of the intact rock, and

L is the length of the shear surface.

However, the inclination of the shear surface may not necessarily be horizontal, but may be
inclined at some angle, 3, which can be positive or negative. Therefore, the shear and normal

forces acting along the shear surface, together with the length of that shear surface need to be
calculated.

Resolving the forces in Figure 7-5 produces the relationship:

cL
S. =Ntan(g, + B) + Equation 7-3
: @t P s Bl —tang, an ) k
The length, L, of the shear surface can be caiculated using the sine law, so that:
L sinw .
= Equation 74
sin(f# +8,)
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Substituting equation 7-4 into equation 7-3 produces equation 7.5, which can be used to

calculate the shear load required to cause failure along a plane inclined at B to the horizontal by:

cL, sinw

sin(S + 0, ) cos B(1 — tan ¢, tan B)

S, = Ntan(g, + f)+ Equation 7-5

There will be a value of P that will yield the minimum load required to cause shearing through
the asperity. This angle can be calculated using trial and error methods programmed into a

spreadsheet.

The asperity geometry and material parameters were input into the spreadsheet. Thus, for each
increment of dx, the corresponding value of L,, dy and normal force could be calculated. The
normal force was used to calculate the shear force required to cause sliding along the asperity

using equation 7-1.

The normal force resulting from each increment of displacement is used to calculate the shear
force required to shear through the asperity. Equation 7-5 was used to calculate S; for various
values of §. The minimum shear load required to cause shear through the asperity was
calculated and compared to the shear load required to continue sliding along the asperity.
Therefore, as displacement increased, the shear load required to continue sliding increased until
shear failure through the asperity along a surface inclined at B occurred. The failure envelope is
therefore the lesser of the sliding and asperity shear force. The shear and normal stresses at
failure are then obtained by dividing the shear and normal forces by the area of the failure

surface. Such an envelope, based on Test B4, is shown in Figure 7-6.
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Figure 7-6: 17—0 response for asperity failure calculated by spreadsheet (based on test B4),

For the example shown in Figure 7-6, the shear stress at failure is about 2,900 kPa at a normal
stress of about 1,800 kPa. This represents the stresses acting on the single asperity. To allow a
comparison with the laboratory test results to be made, the peak stresses were calculated over

the plan area of the sample, corrected for shear displacement.

The shear stress versus normal stress and shear stress versus shear displacement graphs from the
tests and calculated by the model are compared in Figure 7-7. The model output is represented
by the thickest line. It can be observed that the peak shear strengths are similar, although the

normal stress (from dilation) and shear displacement from the test are greater than those
predicted by the model.
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Figure 7-7: Comparison of shear stress, normal stress and displacemnent obtained from spreadsheet

and test results (Test B1).

Table 7-1 compares the values measured during the tests where asperity shear was observed
with those calculated using the spreadsheet. The peak stresses have been normalised by

dividing them by the UCS of the intact rock making up the sample.

Table 7-1: Comparison of observed eutputs and calculated values for tests failing by asperity shear.

T

Op dx (mm) dy (mm)

-

Tp

Test | observed | calculated | observed | calculated observed | calculated | observed | calculated

Bl 1024 0.29 0.27 0.18 42 13 54 2.2
B4 }0.27 0.29 0.18 0.18 18 13 22 2.2
B8 |0.20 0.17 0.17 0.17 34 35 34 2.0

It can be seen in Table 7-1 that the calculated normalised peak shear stress, ?,,, is close to that
observed in the tests. The calculated normalised peak normal stress, Ep, and shear displacement
at failure, dx, were also close to that observed in Tests B4 and B8, but not as close in Test B1.
The calculated dilation of the sample at failure, dy, was generally less than that observed in the
tests. This simple model does not consider clastic effects and compression of the joints within
the sample due to the applied shear or normal forces. Such comparisons will allow the shedding

of load from the dominant asperity as discussed by Haberfield and Johnston (1994). As aresult,
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shear displacement is under-predicted. However, for rock masses where sliding followed by

asperity shear was observed, the calculated shear stresses at peak were close to those measured
in the laboratory.

In the analysis presented above, the shear failure surface has been assumed to be planar. Seidel,
1993) modelled asperity shear as a slope stability problem, adapting the solution for weightless
c-¢ soil proposed by Sokolovsky (1960). The shear failure surface obtained from the
Sokolovsky solution comprised two planes connected by a log-spiral curve. As the asperity
angle became steepey, the failure surface was found to become flatter.

Seidel calculated the asperity failure stress using the Sokolovsky solutions for asperity angles
between 0° and 22.5° adopting ¢=760 kPa and $;=36°. The Sokolovsky solution was
extrapolated for an asperity angle of 27.5°, as the Sokolovsky solution is not suited to asperity
angles greater than 22.5°, A spreadsheet was used to calculate asperity failure stress for asperity

angles between 22.5° and 60°. The failure stresses for the two different failure surfaces are
plotted against asperity angle in Figure 7-8.
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Figure 7-8: Comparison of failure stress obtained from Sokolovsky and planar failure surfaces.

There appears to be very good agreement between the Sokolovsky solution and that calculated
by the spreadsheet for asperity angles between 20° and 30°. In particular, the simple solution
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asperity appears to be logical extension to the Sokolovsky

for a planar shear surface through the
This infers that for these asperity angles, the shear

eolution for asperity angles greater than 22°.

failure surface can be treated as planar. As the asperity angles in the rock masses tested in this

study are typically greater than 15°, the planar surface model is considered to be satisfactory.

The angle of the joint set that will allow sliding to occur is limited to (0,+¢;) = 90°, at which the

shear load required to initiate shear fail
value of (0,+¢;) approaches 90%, considerable
joint set. Depending on the size and intact rock
cause failure through the asperity before sliding can o

mechanism in these rock masses.

ure by sliding in theory becomes infinite. Even as the
chear load is required 1o cause sliding along the
strength of the asperity, this shear load may

ccur. This produces a different pre-peak

7.2.2 Rotational behaviour

In the tests where sliding along the 6, joint set was not observed, part of the sample appeared to
peared to be defined

s shear displacement increased. The rotating part of the sample ap
which comprised principally the

as shown in Figure 7-2 and

rotate a
by the inclination of the 9, joint sct and the joint spacing,

sample beftveen the bottom left and top right ends of the shear box,

P
Figure 7-3.
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Figure 7-9: Forces acting on & block subjected to direct shear.
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T.he rofation within the sample is a result of the eccentric forces applied to the sample by th

direct shear test. Consider the forces acting on a block, as shown in Figure 7-9 T: o t e
loads will produce a moment on the block. If joints are introduced to this rock .mas: :Ep:w
those shown dotted in Figure 7-9, separation across those joints will occur with displac::m c t a:‘
the. shear box. This results in a strut forming between the corers of the sample. Thi o

resists the shear load in axial compression, as shown in Figure 7-10. There will be li o
load carried by the remainder of the rock mass. | e

Figure 7-10: Forces acting on ¢ strut inclined at 9,.

To achieve moment equilibrium in a strut inclined at 8,:

Ncosé, = §sinf,
L
Equation 7-6

This can be rearranged to give:

S = Ncotf,
Equation 7-7
But:
cotd. = tan(90° -8.) Equation 7-8
on
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S =Ntan(90°-8,) Equation 7-9

Dividing both sides of the equation by area to obtain stresses, and substituting 6, = 8,, the shear
strength can be written as:

7 =0 tan(90° ~8,) Equation 7-10

Therefore, if rotation were occurring about the 6, joint set, the value of tiie apparent friction
angle, ¢y, obtained from the 1—-0 curve, would be defined by (90°-8;). The values of ¢
measured from the Type “B” tests have been plotted against (90°-9;) in Figure 7-11.

90 /
75
/ 3
Py
60 * 1 P
. - /
dpp %5 4’-/
30 /
15
G T T T L) L
0 15 30 45 60 75 a0
90-0 ,

Figure 7-11: Relationship between apparent friction angle, ¢, and 6,.

Figure 7-11 shows that rotation about the 9, joint set appears to occur for values of (90°-
8,)=60°, or when 8,=30°. For other values of 8;, e value of ¢, is consistent, but does not
appear to rotate arcund about 6,, but some other a~:le, ¥, which can be calculated irom
8,=(90°-d;p). A comparison of the observed and calculaied values of ¢y, for the Type “B” rock

masses is presented in Table 7-2.
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Table 7-2: Predicted and observed values of ¢y,

o of Joint Sets (8,) Estimated ¢pp | Averagetest ,, | Test 0, (inferred)
from (90°-0,)
Nil (ntact) - 67° 23°
One (6, = 60°) - 65° 25°
Two (82 =15 75° 70° 20°
Two (8; = 30°%) 60° 65° 25°
Two (6; =45%) (s = 70 mm) | 45° 54° 36°
Two (8, = 45°) (s = 32 mm) | 45° 48° 42°
Two (8; = 60°) 36° 46° 44°
Two (0; =757 15° 48° ~42"
Two (0; = 0° or 90°) - 57° 33°
Three (8, = 15° or 759 75° or 15° 63° 27°

Table 7-2 provides greater detail of the jeinting than that shown in Figure 7-11. Table 7-2
shows there is a reasonable correlation (within 5°) betv.zon calculated and average observed
values of ¢, for the tests when 8,=15° and 30°, . . wher: 8,=45° and joint spacing was 32 mm.

This suggests one of two things:

» that rotation occurs about the 0; joint set, or put differently, the shear and normal

forces are acting on the ends of a strut inclined at 9,, or

o that the strut behaves similarly to an intact block.
For the remaining tests, the correlation between predicted and average observed values of ¢y

was poor, which suggests that the shear and normal forces were not acting at the ends of a strut

inclined at ;.
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It would appear that the inferred rotation angle is not always the same as the angle of the 6,
joint sets. What can be observed is that there are three typical values of 8,. The average values

of 6, and the values of §; to which they applied were:

e 0,=23°(20°t027°). Tests on intact blocks, rock mas:  -vith one joint set inclined
at 8,=60°, rock masses with one joint set inclined at 8,=15 «nd rock masses with three

joint sets.

e 0=36" Tests on rock masses with two jeint sets with 0,=45° and

spacing=70 mm.

o 0=43°(42°1044°). Tests on rock masses with two joint sets with 8,=75%nd 60",
and 45° with spacing=32 mm.

If the position of the shear and normal forces can be reasonably determined, then the value of 6;

can be obtained. Take the simplest case of the pre-peak behaviour of an intact sample, as shown

in Figure 7-9.

The visual footage showed the intact blocks appeared to rotate slightly within the shear box as
shear displacement increased (see Test B32 in Appendix C). It would be reasonable to assume
that the moments applied by the shear and normal forces -roduced this rotation. The intact
block may be considered as a horizontal strut subjected to zccentric forces. If the block rotates
even a few degrees, the vertical forces, N, will act at the ends of the block, at points A and B

(see Figure 7-9). Determining the location of the horizontal shear force, S, is more problematic.

Some shear tests in this study were carried out on i.itact Johnstone and concrele blocks. A
diagram of the test arrangement is presented in Figure 7-12. The shear box used in the Type
“B” tests applied the shear force through a steel plate mounted on two threaded bars. For the
purposes of this discussion, it has been assumed this produces a relatively uniformly disiributed
load (UDL) on the ends of the sample. The UDL can be approximated by a point load acting

midway between the threaded bars. The location of these loads can be used to derive 8,, which

in turn can be used to predict the value of ¢,
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Figure 7-12: Assumed location of forces applied by the Type “B” shear box.

The effective lever arm of the shear load ca» be taken as the distance between the midpoints of
the threaded bars, Ls. This distance is about 182 mm. The length of the sample was typically
ahout 390 mm, which was the distance of the lever arm of the normal load, Ly. This gives an
effective ; of 25°, or ¢y, = (90°-25°) = 65°. From Table 7-2 the average value of ¢, for the
intact blocks was 67°.

This value of ¢, was also typical for rock masses with one steep 8, joint set, for rock masses
with 8, less than 30° and for rock masses containing three joint sets. As mentioned earlier, if
sliding was not observed, the , joint set can be ignored from a mechanistic viewpoint. This
effectively makes the sample “intact”, so it should behave as a block. The rock masses with
three joint sets also appear to behave as an intact block, but whether this occurs because the
pieces within the block “lock up” or because a strut forms along either the 15° or 75° joint set
will be discussed later. It may be worth noting that although the samples behave as an intact
block mechanistically, the presence of jointing reduces the strength of the rock mass below that
of the intact rock

Consider now the series of struts that are formed when @, is greater than the angle of the

diagonal across the sample, 8,4, Typically 84=36° for Type “B” samples. These struts form a
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block, as shown in Figure 7-3. The tests where shear through a block occurred produced
remarkably consistent values of ¢y, (see Figure 7-11). This suggests for 8, greater than 8y, the
shape of the rotating sample and the location of the forces acting on the sample remain
effectively the same. However, the precise location of the application of the resultant forces is

unclear.

One method of assessing the location of the forces acting on the blocks is the strut analogy. If
the strut analogy is adopted, the shear forces should act at the ends of the struts that make up the

bleck. Consider a sample constrained in the shear box as shown in Figure 7-13.

. Lng J
, !
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)

Figure 7-13: Location of forces for block shear.
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The locations of the normal forces ..ave now changed from those acting on the intact blocks.
The upward normal force still acts at the left hand end of the shear plane. However, the
downward normal force can be treated as acting through the right hand stud, in much the same
way as the shear forces were thought to act midway between the threaded bars for intact rock
masses. This means the shear and normal forces are applied at the same location for all tests

where block shear occurs, hence similar values of ¢y,

The predicted values of ¢y, for tests that rotate as a block were calculated using a value of

Lnp=294 mm and a sample height, Lgp=280 mm, resulting in a calculated value of ¢;=46°. The
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calculated values of ¢y, for block shear have been compared in Table 7-3 to the values of ¢y

measured in the laboratory tests where block shear was observed.

Table 7-3: Calculated and predicted values of ¢, for block rotation.

Test (0;) Predicted ¢, Actual ¢,
B26 (61°) 46° _ 4r

B31 (60°) 46° 46°

B7 (61°) 46° 48°

B7A (60°) 46° 47 |
B15 (57°) 46° 43°

B19 (60°) 46° 44°

B19A (60°) 46° 46°

B27 (75% 46° 48°

B14 (44°) 46° 51°

BI16 (47%) 46° 47°

B22 (46%) 46° 48°

B23 (43°) 46° 48°

There appears to be relatively good agreement between the calculated and measured values of
dpp for tests where block shear occurs. However, there may be other combinations of the

tocations at which the forces are applied that preduce similar values of ¢

7.2.2.1  Pre-peak behaviour of rock masses containing three joint sets

Two of the rock mass samples with three joint sets included one joint set inclined at 6,~15°

The pre-peak behaviour of these samples and the samples containing two joint sets with 8,=15°
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was similar, in that low dilation and similar values of ¢, were measured (see Section 6.5.4.1).
This suggests that shearing through the strut inclined at 8,=15° was the failure mechanism for
Type “B” samples tested containing three joint sets. This was observed by viewing the video
footage of Tests B9 and B21 and confirmed by the measured results. Figure 7-14 shows the

strut and failure surface formed in Test B21.

Figure 7-14: Shear plane through strut formed in sample B21.

It can be observed that the failure surface through the strut between the bottom left and top right
ends of the shear box is coincident with the shear plane and that the length of this failure surface

is less than the length of the sample.

7.2.2.2 Dilation

Consider again the strut shown in Figure 7-10. The amount of dilation varies significantly with
the value of the angle of inclination of the strut, 8, The action of the shear and normal loacs

will produce an axial compressive force, P, in the strut, which can be calculated from:
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P=_58cosd, + Nsin6, Equation 7-11

The shear force required 10 overcome the initial normal load is:

__N
tan g,

Equation 7-12

For small values of 8, including the case of intact blocks, the magnitude of S required to
produce a vertical component large enough to overcome the initial aorual stress and allow
dilation to occur will be large. It is likely that failure of the strut in compression will occur

either before rotation begins or shortly afterwards.

However, as 6, becomes larger, less shear force is required to produce a vertical component in
the strut to overcome the initial normal load. This results in relatively larger dilations. Under 3
CNS conditions, increasing dilation will lead to higher normai 'oads on the sample, so that more
shear force is required to achieve the same shear displacement, This will lead to greater forses
acting in the strut, which will lead to clastic deformation due to the compression of the strut.

The force in the strut will increase with shear displacement until failure occurs.
7223 Pre-peak behaviour for samples with 8,=45°.

Rotational behaviour was observed prior to failure in the samples where 6,=45°, although

consistently different values of ¢, were observed in samples with more closely spaced joints

(32 mm nominat) and those with more widely spaced joints (70 mm nominal).

When the joint spacing was 32 mm, the measured value of $,,=48°, was similar to that of the
other tests in which the semple rotated as a block. A similar value of ¢y, is also obtained if
rotation about (90°-8,) is assumed. When the joint spacing was increased to 70 mm, §p=54°.
The reason for this change is unclear. However, the consistency of the results suggests that the

location of the shear and normal forces have changed. The change in the values of ¢, is

discussed below,
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7.2.23.1. Pre-peak behaviour for samples with 8,=45° and closely spaced joints.

The apparent friction angle, ¢, predicted for strut rotation where 8,=43° is 45°. The value of
Byp predicted for block rotation is 48°. Using the measured outputs to assess pre-peak behaviour
did not clearly indicate which mechanism occurred. Video footage wns required to confirm the

pre-peak behaviour of these samples.

Consider the rock mass sample from Test B16 shown in Figure 7-15.

Figure 7-15: Block formed in rock mass with 8,=45° and spacing=32 mm (Test B16).

Figure 7-15 shows that the biock is made up of struts with at least one end terminating at either
the top or bottom of the shear box. The same «..curs in the samples where 6, is greater than 45°.
Therefore, it would appear that the apparent friction angle of 48° for the samples with closely
spaced joints occurs as a result of rotation about the same 6, angle for samples failing by block
shear rather than rotating about 8,. This behaviour was confirmed by the video footage (see

Appendix C).

Direct Shear Testing of Jointed Soft Rock Masses-Chapter 7

72232, Pr:-peak behaviour for samples with 8,=45° and widely spaced joints.

These samples should produce a value of apparent friction angle, $pp=45° for strut rotation and
48° for block rotation. However, the measured value of Ppp=54°.

Figure 7-16 shows a rock mass with the same joint inclinations as the sample in Figure 7-15, but
with more widely spaced joints.

Figure 7-16: Diagonal of a rock mass with 8,=45° and spacing=70 mm (Test B20),

It can be observed in Figure 7-16 that a strut connects the comers of the sample i.e. forms a
diagonal across the sample. This may represent a special case where rotation of the diagonal of

the sample occurs, rather than rotation of the block.

Using the strut analogy again, assume the shear forces act at the ends of the struts. The angle of
the diagonal, 64=36°, so the value of $,;=(90°-8,)=54°. The calculated value of §,,=54° for
samples with spacing=70 mm is very close to the average value of ¢, measured in the tests.
This suggests for this case, the forces acting on the sample are effectively located at the comers

of the sample.
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7224  Pre-peak behaviour-sliding or rotation?
The pre-peak behaviour of the rock mass will be governed by the mechanism that requires the

least value of shear force, S, to generate shear displacement, and this wiil depend on the joint

inclination.

The value of S required for sliding along the 8, joint set can be estimated from:

S = Ntan(6, +¢;) Eguation 7-13
The value of S required for strut rotation can be estimated from:

S = Ntan(90° - 6,) Equatien 7-14

The value of S required for block rotation can be estimated from:

S = Ntan(90° -8.) Equation 7-15

where 6, for the Type “B” tests was about 42°. For the special case where a strut formed the

diagonal of the sample, 8, was found to be about 36°.

Therefore, the minimum vaiue of S obtained from equations 7-13, 7-14 and 7-15 can be used to
determine the pre-peak behaviour of the rock mass. For example, consider the rock masses with
joint sets inclined at -30°, 30° (Test B4, shown in Figure 7-17) and -30°, 45° (Test B5, shown in
Figure 7-18). The apparent friction angle for sliding in both tests is (0,+¢;)=(30°+28°)=58",
Tiie apparent angie for strut rotation in Test B4 is (90°-0,)=(90°-30°)=60°, while the apparent
friction angle for bfock rotation about the diagonal in Test B5 is (90°-0,)=(90°-36%)=54".
Therefore, the sample in Test B4 should fail by sliding, while the sample in Test BS should fail
by rotation. This was confirmed by the video footage.

Direct Shear Testing of Jointed Soft Rock Masses-Chapter 7

Figure 7-18: Rotational behaviour exhibited by sample BS.

191

I
x
[
b

B




Direct Shear Testing of Jointed Soft Rock Masses-Chapter 7

For the tests where 8;=45°, the apparent friction angle for sliding is estimated to be 73°. The
strut rotation behaviour exhibited in Test B6, when 6,=15° leads to an apparent friction angle of
(90°-15%)=75°. These values of apparent fricticn angle are very similar, and from the
interpretation of the graphical ouiput, either behaviour can be expected. Video footage,
however, confirmed strut rotation was the pre-peak behaviour.

For the tests where 8,=60°, the apparent friction angle for sliding is estimated to be 88°. The
propensity for sliding within a rock mass containing one joint set such that 6,=60° was
examined in Test B29. The shear force required to cause sliding was greater than the strength of

the intact material, so the sample failed in shear prior to any sliding occurring on the 6, joint set.

7.2.3 Shear failure through a strut or block.

The shear stress required to generate a shear plane through the intact blocks within the sample
depends on the area of the sample coincident with the shear plane. If a strut, as shown in Figure
7-2, resists the shear load, this area is less than that of the sample. Where a block, as shown in

Figure 7-3, resists the shear load, the area is the same as the sample.

The shear box fixes the location of the shear plane. This means the average value of B in
equation 7-5 becomes zero, although local variations along the shear plane can occur. The

length of the shear surface of a strut, L remains constant, and can be calculated from the joint

spacing, s, by:
5
L=— Equation 7-16
siné,

The shear force required to cause failure along a horizontal surface in the strut can be estimated

as:

Cs

S, = Ntan(g,) + Equation 7-17

siné,

The shear force required to cause rotation of the strut has been given by equation 7-9, namely:

192

Direct Shear Testing of Jointed Soft Rock Masses-Chapter 7

S =Ntan(90° -6,) Equation 7-18

It can be assumed 6, has either the intact block value of 8,=25° or that 8,=0,.

Consider the end of the rotating strut shown in Figure 7-19

Figure 7-19: Increments of dilation and displacement as a vesuit of rotation.

A small amount of rotation, 80;, will result in dilation and a relative shear displacement. The

dilation and shear displacement resulting from this rotation can be estimated from the equation:

E =tan@ E ion 7-19
dy ’ quation -

Inverting this equation gives:

d
Ex}i = cotd, = tan(90~6,) Equation 7-20

which in tum gives:

dy = dxtan(90 -6, ) Equation 7-21

The normal load acting on the strut will increase as a result of this dilation in accordance with
the stiffness.
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This means that when the value of 6; is low, small amounts of shear displacement will produce
large dilations. This in tumn will increase the normal stress acting on the end of the strut, which
increases the axial load within the strut. However, the vertical component of the load acting in
the strut may not be large enough to overcome the initial normal load, so shearing through the
strut occurs before rotation of the strut is observed, as shown in Figure 7-14.

For larger values of 6,, a block that has the same area as the sample resists the shear load. The
location of the moments acting on the block remains the same. This means that the peak shear

forces should be approximately the same for these samples.

Where shear occurs through a strut, the reduced area of shear plane will require less shear force
to cause failure than that observed through a block. This relatively lower failure load can also

be used to confirm the failure mechantsm.

The shear stresses required to rotate a strut or block, based on the rotation angle, 0,, and the
dilation resulting from shear displacement given in equation 7-21 have been programmed into a
spreadsheet. [hese stresses are compared to those required to initiate shear through the shear
plane, given by equation 7-17. The peak shear stress bas been caliulated and normalised by
dividing by the UCS of the intact material. The normalised peak shear stresses, T, obtained

from the spreadsheet and the laboratory tests are summarised in Table 74.
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Table 7-4: Comparison of calculated and measuved normalised peak shear stress.

Calculated Measured

0, peak 7 (kPa) | T Test | peak t kPa) | UCS (MPa) | Average <

15° 425 0.142 | B6 | 570 3.70 0.146
B30 | 260 1.97

30° 885 0294 | B2 | 1100 414 0.266

45° 1105 0.368 | BS 1010 3.37 0.276
B20 | 600 2.38

45° (close spacing) | 1105 0.368 | B14 | 760 452 0.15%5

60° 1550 €.317 { B26 | 550 2.04 0.319
B7A | 625 R 70

75° 1550 0.517 { B27 { 535 1.66 0.322

The peak shear siress values calculated by the spreadsheet have been normalised by dividing by
an assumed UCS of 3.0 MPa. The values listed in Table 74 are plotied in Figure 7-20.

0.6

05 /
04
/ 60°,475°

Measured normalised peak shear stress

0.3 <
* 45°
0.2 0°
.
0.1 15° 45° close
0 : . . : .
0 0.1 0.2 0.3 0.4 0.5 J.6

Calculated normatised peak shear stress

Figure 7-20: Comparison of calculated and measured a for strut and block rotation.
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It can be seen that there is good agreement between the calculated values of normalised peak
shear stress and those measured during the shear tesis for values of 8, up to 30°, i.e. those less

than 8, or those samples that fail by strut shear. The agreement between the samples that fail
by block shear is poor.

The peak shear stresses have been calculated for the same boundary conditions for the samples
where 0; was 45° and where 0, was equal or greater than 60°. Given the constant length of
shear plane and the same rotational behaviour, the same values of peak slicar stress are
calculated. These calculated values are higher than those measured in the tests. This may be a
result of tensile failwe in some of the pieces making up the laboatory sample. This was
observed to reduce the length of the failure surface (in these tesis) to about two thirds of the
sample length. The damage observed in the samples due to progressive failure may have

therefore reduced the length of the shear surface, hence the shear strength of the sample.

7.3 Comparison with Hoek-Brown GSI criterion

The samples tested in this study have been judged to represent rock masses classified using the
Hoek-Brown GSI chart shown in Figure 2-6 and Figure 7-21 as Blocky/Fair. The strength
envelope for a typical rock mass with this classification has been generated using the equations
in section 2,3.2.3 and the values suggested in Figure 7-21 and transposed to the 1~¢ plane. This

envelope is compared to the peak strengths measured in the laboratory tests, as shown in Figure
7-22.
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Figure 7-22: Comparison of laboratory test results with Hoek-Brown strength emvelope for

blocky/fair rock masses.

Figure 7-22 shows that the Hoek-Brown envelope provides a good lower bound to the strength
of the Type “B” samples, particularly for those samples where joint spacing was relatively
close. This concurs with the comments in Hoek (1983) on this criterion providing a lower
bound estimate of rock mass strength (refer to Section 2.3.2.1). The value of the spacing
variable used to generate this envelope was the default value of 0.015 suggested in Figure 7-21.
For more widely spaced joints, the GSI value remains the same, but the value of the spacing
variable should increase. If the value of the spacing variable was increased to 0.189, which is
close to the maximum value listed in the GSI chart, an envelope that better fits the samples with

more widely spaced joints is generated, as shown in Figure 7-23.
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Figure 7-23: GSI strength envelopes generated using differing values of spacing variable.

Figure 7-23 shows that the GSI envelopes more closely match the test results when the spacing
variable is adjusted. However, the selection of the spacing variable was arbitrary and needs to
become more rigorous. Nevertheless, the potential of the GSI system is highlighted by this
comparison.

The good fit of the Hoek-Brown GSI envelope to the test results was unexpected, especially
considering the relatively wide variations in joint inclinations and spacing within the samples
tested in this study.

7.4 Failure in Type “A” tests

The Type “A” samples were produced with either two or three joint sets. All the Type “A”
samples were constructed with two joint sets inclined at -45° and 15°, while some samples were

constructed with a third joint set inclined at 75°, as shown in Figure 7-24.
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Figure 7-24: Typical joint configurations of the Type “A” samples,

The Type “A” shear box did not allow viewing of the sample, other --.zv: . r the 25 mm gap
between the shear box halves. This meant that direct observation and 1. g of the Type “A”
sample behaviour could not be carried out. The pre-peak behaviour of the Type “A” samples
was inferred from the measured apparent pre-peak friction angle, ¢pp- The measured Dpps

together with the apparent friction angles for sliding and strut shear are presented in Table 7-5.

Table 7-5: Summary of measured and predicted vaiuves of gy for Type “A” tests,

Joint Seis Test ¢, Sliding Strut rotation | Rotation angle
(64, 6,,0,) (average) Pop=(Ortdy) | $p=(90°-0;) 8,=(90°-$,,,)
Two (-45°, 15%) 71°(68°t0 72%) | 73° 75° 19°

Three (45°, 15°, 75% | 62° (59°t0 65°) | 713° 75%0r 15° 28°

The average apparent friction angle of the Type “A”
average apparent friction angle of the Type “A™

samr.les with two joint sets was 71°. The

samples with three joint sets was 62°. The

equation for sliding will produce a value of Gpp=(45°+28%)=73°, while rotation about 8:=15" will

produce ¢,,=75°. This infers that the pre-peak mechanism for Type “A” samples with two joint

sets is either sliding or strut rotation (due to the similarity between the two values).

Block rotation results in a value of $pp defined by (90°-8
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appears the Type “A” samples with three joint sets fail by block rotation, so the introduction of

a third joint set appears to have resulted in a different failure mechanism.

7.5 Summary

The results of the test program provided evidence of three mechanisms by which samples can
fail when subjected to CNS direct shear. The observed failure mechanisms and the conditions

under which they occurred were:

¢ Sliding along a joint set inclined at ©, to the shear plane, with failure occurring by
shearing through a macro-asperity formed by the joint sets. This mechanism ozcnrred
when the 6, and 0, joint sets were inclined within about 30° of the shear plane. This

mechanism did not produce the lowest neak shear sirengths.

* Rotation of a strut within the sample, with failure occurring by shearing through the
strut. This mechanism occurred when 8, was inclined such that sliding could not occur
and @, is inclined such that a strut was formed with ends located between the lower left
and the upper right ends of the shear box. This mechanism resulted in relatively low
peak shear strengths. A special case of strut rotation was observed when a strut formed

the diagonal of the sample.

* Rotation of a block comprising most of the rock mass, with failure occurring by
shearing along the full length of the shear plane. This mechanism occurred when 8,
was inclined such that sliding could not occur and 8, was inclined such that the ends of
the struts were between the top and bottom of the shear box. This mechanism resulted
in relatively high peak shear strengths.

These mechanisms were modelled using simple mechanics and equations programmed into
spreadsheets. The estimation of rock mass strengths for sliding and shearing through an
asperity were modelled satisfactorily, as were the assessments of strut shear. The modelling of
block shear over-estimated rock mass shear strength. This may be because the model did not

consider the damage to the sample arising from progressive failure.

The results of the peak stresses measured in this study compare well with the GSI criterion
proposed by Hoek. The GSI criterion for blocky/fair rock masscs appeared to agree with the
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fower bound of the measured rock mass strengths. If the largest value of spacing variable was
assumed, a near upper bound strength envelope was obtained. The GSI criterion may produce
both upper and lower bound estimates of rock mass strength by varying the spacing variable.

More precise definition of the spacing variable, however, will require further work.
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8 UDEC MODELLING OF DIRECT SHEAR TESTS

8.1 Introduction

The modelling of jointed rock masses using numerical techniques has become increasingly popular
in recent years, probably because of the availability of sophisticated numerical software packages
and high speed computers. At the same time, cost and practicality considerations have made
labaratory and field testing less attractive.

As discussed in Chapter 2, a number of numerical modelling techniques have been used to model
rock masses. An important feature of the technique used is that it should replicate the mechanisms
occurring in the rock mass as it is loaded and allow for the realistic representation of rock mass
failure. Two approaches commonly used to model rock mass behaviour are continuum methods

and discontinuum methods (see Section 2.5.1).

In this project, the behaviour of the rock blocks within the sample had a large impact on the
measured performance of the sample. Therefore a program using the discontinuum approach,
UDEC, (Itasca, 2000) was adopted to model the direct shear tests. The UDEC modelling of the
laboratory tests was carmried out primarily to assess the ability of UDEC to replicate the mechanisms
and failure processes observed during the laboratory tests. The UDEC model was also used to
calculate the shear and normal displacements and stresses so that CNS conditions could be applied

and a comparison with the laboratory results could be made.

8.2 Development of the UDEC model

The UDEC code reaches a solution by applying boundary conditions to a model and calculating the
resulting displacements and stresses until equilibrium is reached or a specified number of cycles (or

steps) have been performed.

The UDEC model was developed in the following stages:

» establishment of the model geometry
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» assignment of material and joint models and propertics Establish model
geomeotry
Assign matatial &
« application of boundary conditions join :'% t‘l] % t'i;utlve
s devclopment of FISH routines to calculate displacements and stresses Call zl SH
functions:
i i *tcg)_o ridpoints
* development of a FISU routine to calculate and apply the normal stress increases duc to 'sIL asq ridpoints
* zones
dilation as a result of the constant normal stiffness and =
¢ presentation of results Apr;l; : dol :3:: Fy

The flow chart for the UDEC model is presented in Figure 8-1.

The development and modelling of these stages, except for the FISH routines, was relatively

straightforward. The development of the FISH routines to calculate displacements, stresses and to Apply initial

normal stress

s S YA A A b SRR AL,

apply the CNS conditions was more complex. The development of each of the stages is described

in the following sections.

i =i

b ngor et
e

8.2.1 Model geometry

Apply horizontal :
velocity ’

The geometry of the numerical model was based on the geometry of the shear box and fabricated
rock mass sample. The samples used in the laboratory tests were typically about 390 mm long by *
Call FISH

280 mm high and 270 mm deep. A void of 18 mm was formed at either end of the shear plane. A ' ;
unction supstep

Y

Call FISH
function supsolve

comparison of the -ample and the sample defined in UDEC is shown in Figure 8-2,

Iy 4 Ty Sy e DA

Apply édo for
nsup steps

Y

Plot nhistories of
1.0,0%,dy

Figure 8-1: Flow chart of UDEC model.
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Gap ot end of shear planc. i

4

Figure 8-2: Comparison between model and test snmpte geometry (Test B4),

The UDEC model has been developed for a rock mass 400 mm long by 300 mm high, with a void
of 10 mm at either end of the shear plane, as shown in Figure 8-2. UDEC is a two dimensional

program that treats the model as being in plane strain, with an out-of-plane thickness of | unit.

In the UDEC mode), the confinement provided by the shear box was modelled by an outer steel
layer 20 mm thick. Two 10 mm gaps on the shear plane at either end of the shear box were
established to separate the top and bottom halves of the shear box. The encapsulating plaster was
not modelled separately, but was included as part of the rock mass. The top and side plates of the

shear box were not explicitly modelled, but can be considered to be part of the shear box.

The rock mass is confined within the shear box. Each of the joint sets in the numerical model
originates at the left hand end of the shear plane. This reflects the positioning of the joints cut into
the laboratory sample. The joints have been inclined at the same angle as measured in the
laboratory test, with a variability of £0.5°. The joint spacing has been sct to that recorded in the
test, but with a vanability of £2 mm. This reflects the accuracy with which joints could be cut into

the test samples.
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8.2.2 Material and joint constitutive models and properties

The values for the various intact rock and joint parameters were obtained from standard laboratory
tests carried out as part of the testing program described in Chapter 4. Table 8-1 lists the parameter
valucs adopted in the numerical models.

Table 8-1: Material properties used in the UDEC model.

PROPERTY | STEEL JOHNSTONE (REGULAR) | JOHNSTONE (SOFT)
(12%<m/c<17%) (18%<m/c<20%)

Tests B1-B7, B8-Bl17, 82;:325 B7A, B18-B21, B26-B31

Density 7800 kg/m® | 2200 kg/m’ o 2200 kg/m’

Eso 210 G00 MPa | 400 MPa T 275 MPa

v 03 0.25 0.25

& 7 o 37°

Cohesion 1.0 MPa T 0.6 MPa

Dilation angle 9° T 9°

Tensile strength 0.70 MPa T 0.35 MPa

Bulk Modulus | 175000 MPa | 265 MPa o i85 MPa

Shear Modulus | 80 000 MPa 160 MPa o 110 MPa

The bulk modulus, X, and shear modulus, G, values are used by UDEC. These were calculated

from secant modulus (£5,) and Poisson’s ratio (V) by:

E
G=—2 uation 8-1
2(1+v) £
- Ey Equation 8-2
3(1-2v)
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The numerical model contains two material types and three joint types. The constitutive models for

each are described below.

The shear box is made from steel and was modelled to behave as an isotropic, elastic material.
Typical values for the density and Poisson’s ratio of the steel were used. The modulus of the steel
was doubled in the numerical modet to simulate the buttressing of the sides of the shear box and so
reduce any deflections in the steel box.

The intact Johnstone was modelled as @ Mohr-Coulomb material. The material properties used in
the UDEC model are presented in Table 8-1, and have been obtained from the testing described in
Chapter 5. The density of the Johnstone was measured from samples used in the rock triaxial
testing program. The secant modulus was assessed from the UCS test output, A Poisson’s ratio
value of 0.25 was chosen, based on laboratory work carried out on Johnstone by Kodikara (1989).
The friction angle and cohesion of the Johnstone were obtained from rock triaxial tests and from

Choi (1984). The tensile strength was obtained from Brazilian tests.

The three joint types are the rock-rock joints, the steei-steel joints and the interface between the
steel and the rock. The joint properties adopted for the UDEC model are presented in Table 8-2.

Table 8-2: Joint properties used in the UDEC models,

i g Sr LT e g

PROPERTY STEEL-STEEL ROCK JOINTS ROCK-STEEL
Joint normal stiffness | 1 000 000 MPa/m 1 000 MPa/m 1 000 MPa/m
Joint shear stiffness 100 000 MPa/m 100 MPa/m 100 MPa/m
Joint friction angle 28° 27° 28°

Joint cohesion 10 MPa 0 MPa 0 MPa

Joint dilation angle 0° 0° 0°

Joint tensile strength 10 000 MPa 0 MPa 0 MPa

The properties of the rack-rock joints were either obtained during the laboratory testing program or
estimated from the compliance test results. The joint friction angle and joint normal stiffness were

obtained from laboratory tests. A joint shear stiffness of 10% of the joint normal stiffness was
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adopted. This is in general agreement with Kulhawy and Goodman (1980), who found that joint
normal stiffness of sedimentary rocks was about two to 10 times the joint shear stiffness. The joint
cohesion and tensile sirength were known to be zero as there was no joint infill or eny significant
bonding between the joint surfaces. The steel-rock joints have been given the same properties as

the rock-rock joints. The steel-steel joints were given properties so that movement or separation

along these joints was precluded.

8.2.3 Boundary conditions

The boundary conditions applied to the numerical model were:

* An inttial horizontal stress, 6,;=100 kPa. In the numerical mode!, this stress was
applied using the “in-situ stress” command. This modelled the inferred initial horizontal
stress of 100 kPa that was applied to the sample by the side plates of the shear box prior to
each laboratory shear test.

e A typical initial normal (vertical) stress, ;=100 kPa, although some of the tests were
carried out with ©,=50, 200, 300 or 600 kPa. These were applied using the “boundary

stress” command and modelled the consolidation load that was applied to the sample at the
start of each laboratory shear test,

e An initial out of plane stress of 300 kPa was applied to the model using the “in-situ
szz” command. Plane strain conditions were approximated in the laboratory tests, This
caused the out of plane stresses to increase as out of plane movement was suppressed. The
out of plane movement of the laboratory sample was restricted by stee!l plates at the rear

and braced 20 mm thick perspex at the front of the sample.

e An applied constant normnal stiffness, /=200 kPa/mm. This value of normal stiffness
was applied in the laboratory shear tests. The normal stiffness in the UDEC model was

applied by a FISH function that increases the normal stress on the sample by the increment
of:

Ao, =kAy Equation 8-3
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8.2.3.1 Initial horizontal stress, oy

Once the initial horizontal stresses were defined, the UDEC model applicd the stress to the sample

using either a “solve™ or “step” command.

The “solve” command allows the program to carry out enough iterations so that the default out-of-
balance force does not exceed 100. The out of balance force is the sum of the forces accumulated
at each of the grid points in the deformable blocks in the model. At equilibrium or steady plastic
flow, the forces on one side of a grid point nearly balance the opposing force. For the UDEC
models of the shear tes , equilibrium was assumed when the sum of the out-of-balance forces
dropped below 200.

In some cases, it took a large number of cycles to reach equilibrium. In order to expedite
computations, a limit was placed on the number of iterations the program could carry out. This 1s
achieved by using the “step” command, followed by the desired maximum number of steps. For
this initial stage of the model, the maximum number of steps was set at 10 000. None of the UDEC
models based on the laboratory shear tests required 10 000 steps to reduce the out-of-balance force
limit to 200 after applying the initial horizontal stress. This occurred because the “in-situ stress”
command distributes the nominated siress evenly within the material specified, in this case, through
the Johnstone.

8.2.3.2 Initial normal stress, G

Once the horizontal stress had been applied in the UDEC model, the initial normal stress was
applied and the model again allowed to step towards equilibrium. This took longer to achieve
because of the uneven vertical stress distribution through the model and the nature of the
application of stresses by UDEC.

The initial normal stress was applied to the top of the shear box, as occurred in the laboratory test.
However, as UDEC applies the stress instantaneously, the model loads, deforms, rebounds and
deformms again. Damping within the mode! attenuates the amplitude of this process with time until
the out-of-balance force measured in the sample reaches a point considered to be equilibrium. This
external application of siress requires more steps to reach a more cvenly distributed stress within

the model and low out-of-balance forces. UDEC can plot the history of the out-of balance forces.
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The history plot showing the unbalanced force for Test B4 during application of the initial normal
stress is shown in Figure 8-3.

Job Title : Test B4
From File : tasthd4. s

(a+02)
UDEC 3.10 00 -
Cycle 12490
Time 5.045E-02 sec 1.80 1
history plot
2.07E+02<hist 1> 1.99E+03 1.60
Va.
1.D1E-O2<tismve> 5. 05E-02
1.40
1.20
1.00
0.6O
0.60
Q.40 1
0‘20 T hd A L L} L3 i
1.00 2,00 .00 4.00 5.00
{e-02)

Figure 8-3: Out-of-balance history plot for Test B4,

Figure 8-3 indicates that the magnitude of the unbalanced force attenuated quickly before
converging towards a value of about 200. This behaviour was observed in all tests and suggested
convergence was occurring. For this stage of the model, equilibrium was considered to be when
the sum of the out of balance forces had reached 200 or the model had run for 10 000 steps. The
limit of 10 000 steps was reached in all tests, although the history plots of the unbalanced forces for

the tests indicated that the out-of-balance forces were close to the 200 limit.

The effect of not achieving equilibrium at this stage on the UDEC results was checked in two
cases, illustrated in Figure 8-4 and Figure 8-5. The UDEC outputs for the tests where equilibrium
was defined as an out-of-balance force of 100 is represented by the thicker line, while the thinner
line represents the UDEC outputs where equilibrium was defined as an out-of-balance force of 200
or 10 000 steps.
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Figure 8-4: Comparison of UDEC outputs for different out-of-balance limits (from Test B7A).
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Figure 8-5: Comparison of UDEC outputs for different out-of-balance limits (from Test B6).
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The results represented by the thicker line have been truncated so the thinner can be observed. It
appears that both outputs are almost identical and implies setting a limit of 10 000 on the number of

cycles to shorten the run time of the model did not cause a significant loss of accuracy in the
UDEC model calculations.

The oscillations in the shear stress calculated by the UDEC mode! were the result of the

instautancous application of horizontal velocity to the sample. These oscillations quickly

attenuated with damping and became more stable.

8.2.3.3  Horizoental velocity, xvel

Following the application of the initia} stresses, a horizontal (x~direction) velocity was applied to
the sides of the bottom half of the shear box. The x-direction velocity for deformable blocks was
applied using the “boundary xvel” command. The selection of velocity is a function of the total

displacement required and the timestep generated by the sofiware. The tivzostep, A, was derived
from:

1
At = Zmin(%) 2 Eyuation 8-4

where:

e m is the mass of the smallest block in the system, and

¢ % is the maximum contact stiffness.

This timestep was calculated in computer time, not in real time. The shear velocity was chosen so

that the shear displacement obtained from:

Ax = VAL Equation 8-5

was similar to the shear displacement observed during laboratory testing. An x-velocity of 0.1 was

applied to the model and produced total shear displacements of up to 100 mm.
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8.2.4 FISH routines

In the numerical model, FISH functions were writien to:

s establish the arrays of gridpoints at which the x- and y-displacements were to be
calculated

o calculate average horizontal (x-direction) displacements

» calculate average vertical (y-direction) displacements

e calculate x-direction stresses from which the shear stresses could be derived
» apply constant normal stiffness conditions and

¢ control the execution of the model

As the philosophy behind the development of the UDEC model was to replicate the laboratory test
as closely as possible, the calculation of displacements and stresses was done in much the same
way as they were measured during the laboratory tests. The laboratory measurements were made

using extemnal LVDT’s and load cells connected to the shear box.

For the UDEC model, displacements in both the x- and y-directions were calculated for the shear
box rather than for any point in the rock mass. The forces in the y-direction were calculated from
the initial normal stress, the amount of dilation and the normal stiffness. The forces in the
horizontal direction were calculated by establishing a load cell in the lower left end of the shear

box.

The model was executed by a FISH routine that, in tumn, stepped through the program, calculated
displacements and stresses and applied the increments of normal stress resulting from the normal

stiffness. The FISH routines are described below.

8.2.4.1 FISH routines to set up gridpoint arrays

The UDEC model was divided into deformable, triangular zones by the “gen edge” command.

Each zone in the model had a centroid. The corners of the zones were the gridpoints. Each of the
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gridpoints and zones were given a number by UDEC. It was possible to define a range containing
the gridpoints or zones of interest and store the numbers by which UDEC ideniified them in an
array. That way, the stresses or displacements acting on them could be used in calculations.
However, as UDEC stepped to equilibrium, the gridpoints and zones could move, This meant that
the gridpoint and zone numbers of interest had to be identified and stored in an array before any

stepping occurred.

The shear stresses were calculated by turning the inner half of the lower left end of the shear box
into a load cell. The FiSH routine “LHS_zones” selected the zones whose centroid was located in
the inner half of the left hand end of the bottom shear box into zones and stored their identifying

number in an array. Figure 8-6 shows how the gridpoints and zones of interest were identified.

Figure 8-6: Diagram showing zones in load cell and gridpeints on interface.

FISH routines were used to establish three arrays in the code, “top_gridpoints™, “side_gridpoints”
and “LHS_zones”. At each step, UDEC calculated, amongst other things, the displacements at
¢ach gridpoint and loads in each zone within the model. Therefore, by identifying the gridpoints
and zones of interest within the model, the x and y displacements and shear load could be
calculated.
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A FISH routine was set up to calculate x-displacements ot the left end of the lower shear box. The
FISH routine “side_gridpoints” sclected the grid points on the interface between the rock and the
inside of the stecl plate of the lower left hand side of the shear box and stored their identifying

numbers in an array.

The y-displacements of the top steel plate of the shear box were recorded. The FISH routine
“top_gridpoints™ selected the gridpoints that were located on the interface between the bottom face
of the top steel plate of the shear box and the rock mass and stored their identifying numbers in an

array.

The establishment of these arrays meant the program could track the gridpoint or zone numbers and
use the displacements and stresses calculated at these points to derive x-displacement, dilation and
shear stress, itrrespective of how far they had moved from their original position during the

execution of the model.

8.2.4.2 FISH routines to measure displacements and stresses

FISH routines were written to calculate displacements and stresses in the model. The y-
displacement was calculated by a FISH routine called “top_disp”. The x-displacement was
calculated by “side_disp” and the shear stress by “stde_stress”.

The “top_disp” and “side_disp™ routines summed the displacement at each of the gridpoints ‘n the
“top_gridpoints® and “side_gridpoints” armays respectively. An average displacement was
calculated by dividing the sum of the displacements of the gridpoints in each array by the number
of gridpoints in that array.

The x-direction stress acting in the load cell was calculated by dividing the sum of the x-direction
stresses by the number of zones in the ioad cell. However, the shear stress obtained during
laboratory testing was calculated by dividing the measured shear load by the area of the shear
plane. In the UDEC model, the shear stress measured in the load cell was converted to a shear lcad
by multiplying the average shear stress by the height of the load cell. The shear stress was then
calculated by dividing the shear force by the length of the shear plane. The length of the shear

plane was not corrected for shear displacement.
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8.2.4.3  FISH routines to apply CNS conditions

The application of CNS conditions required tracking the dilation during shear displacement. The
FISH routine “top_array” not only calculated the dilation of the top of the shear box, but also
calcutated the incremental normal stress to be applied to the sample. The initial normal stress and
normal stiffness were specified at the beginning of the routine. As the top of the shear box dilated,

the normal stress acting on the sample was calculated by multiplying the calculated dilation by the
normal stiffness.

A plot of the relationship between normat stress and dilation for Test B4 is presented in Figure 8-7.

It can be seen that a linear relationship exists and the gradient of the output, which represents
stiffness, is 200 kPa/mm.

Figure 8-7: Relationship between normal stress and dilation (Test B4).

The change in normal siress resulting from this dilation was not applied to the model automaticaliy.
UDEC applies any boundary stress as an incremental stress, not as a total stress. Therciore, the
incre:nental normal stress due to changes in dilation needed to be added to the existing boundary
stresses already being applied by the UDEC model.
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8.24.4 FISH routines controlling the program
The laboratory shear tests were carried out under horizontal displacement control. The UDEC

model was designed to do the same. However, any changes in normal stress arising fiom the

constant normal stiffness condition needed to be applied as the horizontal displacement occurred.

The program was therefore controlled by a FISH routine that:

+ displaced the lower nalf of shear box horizontally by an increment dependent on the x-

velocity, the timestep and the specified number of steps
s called the FISH routine that calculated x- and y-displacements

o called the FISH routine that calculated incremental normal stress and added the

incremental normal stress to the model then

 began the next cycle by displacing the shear box horizontally the specified number of

steps

This process was performed using a FISH routine called "supstep" that applied the horizontal
velocity to the model for 250 steps and then calculated displacements and stresses. The “supstep”
routine was controlled by a FISH routine called "supsolve", which was basically a loop that called
the “supstep” function a specified number, (typically 1000), times. This meant that normal stress
was incremented after each “supstep” routine. The 250 000 steps produced enough shear
displacement to allow failure to be observed, both graphically and visually (using the MOVIE
function).

8.2.5 Output of results
The following graphical outputs were obtained from the numerical model:

& ghear stress versus normal stress
¢ shear stress versus shear displacement

» nermal stress versus shear displacement and
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» dilation versus shear displacement

UDEC has the capacity to track the history of any gridpoint, zone or defined function in the model.
The parameters above, being defined FISH routines were recorded as histories. A movie showing
plots of displacements and plastic failures every 5000 steps was also made. This meant any failure
mechanisms could be visually identified and compared with the laboratory footage. The UDEC
MOVIE outputs have been included on a CD in Appendix C. The graphs listed above are shown at
the end of the movie for each test.

8.3 Compaiison of test and UDEC outputs

Each of the laboratory shear tests was modelled using UDEC. The primary reason for developing
the UDEC model was to assess the ability of UDEC to replicate the displacement and failure

mechanisms observed in the laboratory tests.

The UDEC model for each test was executed and the peak stresses and x- and y- displacements at
failure estimated from the generated output graphs. These outputs were grouped by failure
mechanism and/or 8; angle. A visual comparison of the mechanisms modelled by UDEC and
observed in the laboratory tests was made. A comparison of the ratio of the average UDEC
calculations to the laboratory test result was also made and is presented in Table 8-3. The 95%

confidence interval, CI, (average + one standard deviation) is also presented.

Both the laboratory sample and the UDEC model appeared to exhibit similar pre-peak behaviour.
However, post-peak behaviour was poorly modelled by UDEC, as it does not allow slip to occur
between zones that have failed and has not been written to handle large strain deformations within
the blocks.
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Table 8-3: Average ratio of UDEC calculations to laboratory results based on mechanism and 0; angle.

Average ratio of UDEC/Test result at failure
mechanism tests same visually { dx dy T o $pp
Sliding 4 Y 2.6 1.6 0.9 14 0.9
Strut (6,~15") |8 Y 3.9 24 1.2 1.5 0.8
Block (8,=30°% | 1 Y 2.9 1.1 1.0 14 0.8
Block (0,=45") |7 Y 3.2 14 08 1.5 0.6
Block (8,<60°) | 5 Y 2.8 1.7 08 1.5 0.6
Block (8,=75%) | ! Y 6.0 28 1.1 22 0.6
Overall 26 33 18 1.0 1.5 0.7
Std Deviation 1.3 1.1 04 0.6 0.2
95% Cl1 2.0-4.6 | 0.7-29 | 0.6-14 | 0.9-2.1 | 0.5-0.9

A comparison of the peak stresses and displacements calculated by the UDEC model and those
measured during the laboratory tests indicates that the UDEC model:

e Significantly over-estimated the shear displacement at failure.
¢ Estimated the peak shear stress reasonably closely.

¢ Over-estimated the dilation and normal stress at failure.

Comparisons between the laboratory and numerical modelling outputs need to be made with care.

The differences between the outputs can occur for a number of reasons.

The main reason is that numerical models assume and apply completely homogeneous properties to
the materials in the sample, which in reality, are rarely completely homogeneous. The laboratory

sample will always contain flaws and non-homogeneous zones that will affect its behaviour. The
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strength of the joints in a laboratory sample will also vary slightly, as will the inclination and
spacing of the joint sets. Some variation can be applicd to the geometry of the joint sets in UDEC,
but the numerical model will only be a simplified version of the real thing. Even the treatment of

the intact rock material using Mohr-Coulomb parameters is an approximation of the actual
behaviour.

Anether reason is the inability of the numerical model to simulate the failure processes in the intact
rock (such as crack initiation and propagation, as discussed earlier). The maintenance of the spatial
relationships within the blocks means that even though failure in the zones has occurred, no slip

between those zones can occur. This means that displacements may be over estimated by UDEC.,

While the limitations discussed above may be true, the usefulness of the numerical modelling
should not be understated. The numerical model can be used to confirm the mechanisms within
and the overali behaviour of the laboratory sample. They can also be used to examine the effects of
changes in sample properties or behaviour once they have been calibrated against observed

behaviour. This is probably the greatest asset of numerical modelling.

If the model can be described as a good representation of the laboratory test, it may then be used
with guarded confidence as a predictive tool. The model can then replace the need for iniensive

laboratory testing, or can be used to model parameters that cannot be practically incorporated into a

sample.

it is therefore necessary to define what a successful attempt at modelling rock mass behaviour is.
For this study, getting UDEC to replicate the pre-peak behaviour and failure mechanisms observed
in the laboratory was judged be confirmation that the use of UDEC was appropriate, given the
complexity of the system being modeliled and the variability of the laboratory samples.

8.3.1 Pre-Peak and failure behaviour

Video footage of the laboratory tests identified three mechanisms occurring within the samples
prior to failure, namely sliding/asperity shear, rotation/strut shear and rotation/block shear. The
MOVIE feature in UDEC was used to capture screen plots of failure in the rock masses as shearing

occurred. The video footage and the UDEC movies were compared to see if they showed the same
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pre-peak behaviour and failure mechanisms. The three mechanisms were observed in both the

UDEC and laboratory outputs for each test, as discussed below.

8.3.1.1 Sliding / asperity shear

The video footage of the tests where sliding followed by asperity shear was the failure mechanism
showsd that sliding occurred along the 0, joint set until failure by asperity shear occurred. A
omparison between the test footage and the UDEC movie of a test where sliding was observed,
Test B1, is shown in Figure 8-8. Both imagcs show that sliding has occurred along the 6, joint

closest to the shear plane.

Figure 8-8: Pre-peak behaviour of sample and UDEC model (Test B1).

As the shear displacement increased, shearing through the biocks at the ends of the shear plane
began, followed by the development of a shear plane. The UDEC movie exhibits a similar failure

process, although the shear band is wider than that observed in the laboratory test.

The calculated UDEC output has been compared to the test results in Figure 8-9. The thicker lines
represent the laboratory test results.
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Figure 8-9: Comparison of test results and UDEC output for sliding/asperity shear mechanism (Test
B1)

Figure 8-9 shows that at the commencement of shear, the shear stress calculated by the UDEC
model oscillates as the out-of-balance forces head towards equilibrium. This is the result of the
instantaneous application of velocity to the sample. Once this oscillation has stabilised, there is a

reasonable similarity between the t—o responses of the test results and the UDEC model.

The selection of the stresses at which the UDEC model has failed may not be obvious. In Figure
8-9, failure of the “UDEC sample” appears to begin when shear stress is about 600 kPa and
displacement is about 45 mm. The graphs of normal stress and dilation do not show any obvious
signs that failure has begun. The shear stress increases to about 300 kPa at a displacement of about
75 mm after which there is no further increase in shear stress. It is at this point that global failure is

judged to have occurred. The calculated dilation at failure was about 6 mm.

The gradual increase in shear stress after 600 kPa may be due to the progressive failure being
simulated by the UDEC model. The UDEC movie output for this test (see Appendix C) shows a
number of zones yielding during this period. The UDEC MOVIE output when displacement is
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about 45 mm is shown in Figure 8-10, where failure within some of the intact blocks

observed.

lsrdedian p-':a:u' TR

Figure 8-10: UDEC output when shear displacement is about 45 mm (Test B1).

Failure of the sample was assumed by the development of a contiguous failure band adjacent to the
shear plane. Figure 8-11 shows the UDEC output when the displacement is about 75 mm, where

failure through the sample and the elastic deformation of the intact rock pieces can be observed.
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Figure 8-11: UDEC output when shear displacement is about 75 mm (Test B1).

The peak shear stress calculated by UDEC of about 800 kPa is less than the 1000 kPa measured in
the test. The displacement at failure, judged to be about 75 mm is significantly greater than the 42

mm measured in the test.

From, Table 8-3, the UDEC model for sliding, on average, predicts peak shear strength within
10%, while the shear displacement is nearly two and a half times that observed in the tests. The
dilation and normal stress at failure are over predicted by 60% and 40% respectively. The angle of
the - plot, $pp, prior to reaching peak is slightly under predicted as a result of the higher normal
stress, but is still within 10%. Therefore, the UDEC model of samples that failed by sliding
replicated the mechanism and the peak shear stress, but did not accurately replicate the peak normal

stress and the displacement and dilation at failure measured in the laboratory tests.
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" Figure 8-13 shows that for the rotation/strut shear mechanism, UDEC appears to over estimate the
Figure 8-12: Pre-peak behaviour of sample and UDEC imodel (Test B6). 3

peak s*resses, displacement and dilation. The UDEC model appears to fail at a shear stress of

For the tests of the samples with tvo joint sets and where 8,=15°, (Tests B6 and F30), the UDEC about 810 kPa at a displacement of about 55 mm and a dilation of about 1.7 mm. The test results
or the 2= ’ »

g howed peak shear stress to be about 590 kPa at a displacement of about 15 d a dilati f
movie shows no sliding on the 6, joint set and the majority of the failure occurring in the strut s peax s ¢ P a mm, and a dilation o

i T 0.6 mm. This dilation is lower than the dilation at failure of sample modelled in Test B1, which
between the lower left and top right ends of the shear box, as shown in Figure 8-12. This indicates

. - was about 6 mm. This reflects the relative dilational behaviour of the two mechanisms.
that the strut is resisting most of the shear load. The tests on samples containing three joint sets

also indicate that most of the load is resisted by this strut action.

It is of interest that the dilation at failure calculated by the UDEC model is nearly three iimes that
o observed in the test. However, the difference between the two results is less than 1 mm (over a
The calculated UDEC outputs have been colapared to the measured laboratory test results in Figure i

sample height of 300 mm).
8-13. The thicker lines represent the laboratory test results.

From Table 8-3, the UDEC model for strut shear, on average, over estimates peak shear strength by
20%, while the calculated shear displacement at failure is up to four times that actually observed.
The average dilation at failure is over estimated by a factor of 2.4, while normal stress at faiture is

over estimated by 50%. The average angle of ¢, prior to reaching peak is slightly under estimated
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as o result of the higher normal stress, but is still within 20%. Therefore, the UDEC model of
samples that failed by strut shear replicated the mechanism and the peak shear stress, but did not

otherwise produce similar numbers to those measured in the laboratory tests.

8.3.1.3 Rotation/ block shear

Rotation followed by block shear was the failure mechanism observed in the remainder of the
laboratory tests. Block shear involves the rotation of a block defined by B, and the ends of the
shear plane. A comparison between the test footage and the UDEC movie of a test where block

shear was observed, Test B7A, is shown in Figure 8-14.

Figure 8-14: Pre-peak bebaviour of sample and UDEC model (Test BTA).

It can be seen in both cases that the block rotates initially, so that the increase in normal siress
causes the outer blocks to fail in tension. This is followed by the formation of a shear plane.

Rotation of the block is evident and failure can be observed in the outer struts forming the block.

The calculated UDEC outputs have been compared to the measured laboratory test results in Figure

8-15. The thicker lines represent the laboratory test results.
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Figure 8-15: Comparison of test results and UDEC output for rotation/block shear mechanism (Test
B7A)

Figure 8-15 shows that for TestB7A, where rotation/block shear was observed, UDEC estimates a
peak shear stress of about 750 kPa at a displacement of 65 mm. This compares with a peak shear

stress of about 630 kPa at a displacement of 16 mm measured in the laboratory test.

From Table 8-3, the UDEC model for block shear in rock masses where 8, varies between 30° and
60° estimates, on average, peak shear strengths of +20% of those observed in the laboratory tests.
The shear displacement at failure is typically between 3 and 4 times that actuaily observed, while
the average dilation and normal stress at failure are over estimated by between 10% and 70%. The
average ¢y, angle prior to reaching peak is under estimated by about 20 to 40% as a result of the

lower shear stress and higher normal stress.

The UDEC model of Test B27 (where 8,=75°) calculated the peak shear streagth within 10%, but

over estimated shear displacement, dilation and normal stress at failure by a significant amount.
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These results suggest that, on average, the UDEC model replicated the pre-peak mechanisms and
estimated the average peak shear siresses to typically within +40%, but did not produce similar
values of peak normal stress and shear displacement and dilation at failure to those measured in the

laboratory tests.
8.4 Overall predictions

The UDEC model has been used to calculate the behaviour of jointed rock masses undergoing
direct shear. The peak shear stress and dilation behaviour of the rock masses are of most interest.
Graphs comparing the UDEC output of normalised peak shear strength and dilation at failure with
the laboratory results are shown in Figure 8-16 and Figure 8-17.
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Figure 8-16: Comparison of UDEC prediction of normalised peak shear strength with test results.
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Figure 8-17: Comparison of UDEC prediction of dilation at failure with test results.

It can be seen that the normalised shear strength at failure estimated using UDEC correlates
reasonably well with the observed laboratory test results, although there are some outliers. The

dilations calculated using UDEC are typically higher than those observed in the laboratory tests.

8.5 Parametric study using UDEC model

The outputs calculated by the UDEC model have been compared to the test results and appear to
provide a reasonable simulation of rock mass behaviour. In the following sections, the UDEC

mode! is used to assess rock mass behaviour for a greater range of joint spacings.

8.5.1 Effect of joint spacing

The laboratory testing program included tests on rock masses that were similar in their properties
except for joint spacing. Two of these tests, B14 (typical spacing 32 mm) and B5 (typical spacing
76 mm) have been modelled using UDEC. Further tests have been run using the UDEC model,
with joint spacings of 25 mm, 50 mm and 90 mm. The peak stresses calculated by these models
have been normalised by an assumed UCS=3.0 MPa. The normalised peak stresses and
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displacements at failure estimated using UDEC have been compared, where possible, with those

measured in the laboratory shear tests in Table 8-4.

Table 8-4: Comparison of laboratory and UDEC normalised peak stresses and displacements.

LAB UDEC
Test spacing | dx dy T c ja dy T P
B5-25 25 mm - - - - 45 2.5 0.10 0.20
Bl4 32 mm 19 30 0.17 0.16 |53 3.8 0.16 0.29
BS-50 50 mm - - - - 58 5.5 0.21 0.40
B5 70 mm 20 3.7 0.30 024 173 7.7 0.34 0.55
B5-90 %90 mm - - - - 54 6.8 0.34 0.49

The laboratory tests indicated that as the spacing increased, so too did the normalised peak shear
stress. They also show the increase in normalised peak shear stress to be about the same proportion
as the increase in spacing. The calculated UDEC output also shows a trend that as joint spacing

increases, the normalised peak shear strength also increases.

Comparisons of the UDEC outputs for the samples with different joint spacings are presented in

Figure 8-18 and Figure 8-19.

The movies generated by UDEC for the tests where spacing was varied are presented on the CD in
Appendix C, in the UDEC Spacing Output directory.
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Figure 8-19: Normalised shear stress versus shear displacement response calculated by UDEC for
samples with different joint spacing.

Figure 8-18 and Figure 8-19 show that the normalised shear stress increases as joint spacing
increases. However, the responses for the samples with joint spacings of 70 mm and 90 mm are
similar. This suggests that, f-r the size of the Type “B" samples, the influence of joint spacing may

become similar once joint spacing exceeds about 70 mm.

233




Direct Shear Testing of Jointed Soft Rock Masses—-Chapter 8

8.6 Extrapolation of UDEC model to hard rock masses

The UDEC model was also used to model direct shear tests of hard rock masses by adopting intact
rock and rock joint propertics that may be appropriate for fresh granite. The steel shear box has
also been strengthened to reduce deformation of the shear box. This simulation was run to assess
whether the pre-peak and failure mechanisms observed in soft rock masses could also occur within
hard rock masses. This simulation may also provide an indication of the peak stresses and

displacements resulting when hard rock masses of a similar scale are subjected to direct shear.

The intact rock parameters used in the UDEC models of hard rock masses are presenied in Table

8-5 and the joint parameters adopted are presented in Table 8-6.

Table 8-5: Material properties used in the UDEC models of hard rock masses.

Direct Shear Testing of Jointed Soft Rock Masses~Chapter 8

Table 8-6: Joint properties used in the UDEC models of hard rock masses.

PROPERTY STEEL-STEEL ROCK-ROCK ROCK-STEEL
Joint normal stiffness | 950 000 MPa/m 1000 MPa/m 1000 MPa/m
Joint shear stiffness | 95 000 MPa/m 100 MPa/m 100 MPa/m
Joint friction angle 35° 35° 35°

Joini cohesion 10 MPa 0 MPa 0 MPa

Joint dilation angle | ¢° 0° 0°

Joint tensile strength } 10 000 MPa 0 MPa 0 MPa

PROPERTY STEEL GRANITE
Density 7 800 kg/m’ 2 500 kg/m’
y - 210 000 MPa 60 000 MPa
v 0.3 0.25

Bulk modulus 330 000 MPa 44 Q00 MPa
Shear modulus 155 000 MPa 30 000 MPa
Friction angle - 50°
Cohesion - 36 MPa
Dilation angle - 2°

Tensile strength ~ 12 MPa
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The UDEC model for the hard jointed rock mass was run for 500 000 steps and at a greater
horizontal velocity of 0.5,

Comparisons of the laboratory test result and the UDEC response for soft and hard rock masses that

fail by sliding/asperity shear (from Test B4) are presented in Figure 8-20 to Figure 8-22.
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Figure 8-20: Comparison of t— response of hard and soft rock masses.
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Figure 8-21: Comparison of shear stress versus shear displacement response of hard and soft rock
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Figure 8-22: Comparison of dilation versus shear displacement response of hard and soft rock masses.

The shear stress of the hard rock mass caleulated by UDEC oscillates significantly more than that
calculated for the soft rock. This may be a function of the instantaneous nature of external velocity
application and the damping characteristics of the hard rock. The peak shear stress of the hard rock
mass calculated by the UDEC model is higher than that of the sofier rock masses, about double that
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measuted in the laboratory test and not much higher than that calculated by UDEC for the soft rock

mass.

Table 8-7 provides a comparison of the output of the UDEC models for hard and soft jointed rock

masses with the results measured from the laboratory testing.

Table 8-7: Comperison of UDEC predictions for soft and hard rock masses,

Pre-peak/failure type Slidir.g/ Rotation/ | Rotation/
asperity shear | strut shear | block shear
Test B4 B6 B7
Hard rock pre-peak/failure type same as soft rock | Y Y Y
Failure t-hard rock (kPa) 1500 1290 1550
Failure t-soft rock (kPa) 1200 730 695
Fatilure t-laboratory (kPa) 810 570 625
Failure dy-hard rock (mm) 0.6 0.7 16
Failure dy-soft rock (mm) 4.1 1.2 57
Failure dy-laboratory (mm) 22 0.6 29
Failure o-hard rock (kPa) 210 260 1620
Failure o—soft rock (kPa) 900 350 1160
Failure o—laboratory (kPa) 540 355 675
Failure dx-hard rock (mm) 48 71 134
Failure dx-soft rock (mm) 62 44 48
Failure dx-laboratory (mm) 18 15 16
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Table 8-7 shows that the UDEC model of the hard rock mass calculatcd greater shear stress at
failure. While this was expected, the increase in shear stress at failure was only about two to

threefold, despite the significantly higher intact strength of the hard rock.

The larger amount of shear displacement in the hard rock mass prior to failure was unexpected. A
stronger (hence stiffer) material would not be expected to deform as much as a weaker material,
certainly at the loads calculated in the model. The amousnt of shear displacement may therefore be
affected by the amount of overlap occurring in the model, which would exaggerate the calculated

displacement. Consider the output taken from the UDEC MOVIE for Test granblock (based on
TestB7) shown in Figure 8-23.

Figure 8-23: Pre-peak behaviour of hard rock mass in UDEC model of Test B7.

Figure 8-23 shows the overlap of the blocks in the hard rock mass. This overlap may increase the
amount of shear displacement and decrease the amount of dilation at failure. If the UDEC model

was not allowed to overlap to this extent, then the model did not converge to a solution

The reduced dilation calculated by the hard rock UDEC model may also be the result of the higher

modulus and lower value of Poisson’s ratio. This reduces the amount of elastic deformation, so
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that as the sample is loaded in the horizontal direction, there will be less deformation in the vertical

direction than was calculated for the soft rock.

The UDEC movies for the hard rock masses are on the CD in Appendix C, in the UDEC Hard
Rock Output directory. The outputs from the UDEC modelling indicate that similar failure
mechanisms occur in both the soft and hard rock masses. The UDEC model also confirms that a
laboratory direct shear testing program on hard, jointed rock masses of similar scale will require a

shear apparatus capable of applying significantly higher loads to a very strong shear box, and may,
as such, not be practically feasible.

8.7 Summary

The distinct element code, UDEC, has been used to model the laboratory tests, This modelling was
carried out primarily to assess if the UDEC model could replicate the pre-peak behaviour and
failure mecha:iisms observed in laboratory samptles subjected to direct shezr under CNS conditions.
The ability of UDEC to calculate and track the stresses and displacements occurring during the

tests was also investigated.

It was found that the UDEC models were capable of replicating the mechanisms observed in the
laboratory tests reasonably well. Visually, the pre-peak behaviour of both the laboratory tests and
the numerical models was similar for each of the failure mechanisms. Overall, UDEC estimates of
peak shea: :: ] normal stresses were reasonably close to the measured laboratory values. However,

shear displacement and dilation were significantly higher than the measured laboratory values.

The UDEC model has been used to assess the effect of joint spacing on sample behaviour. Overall,
the model showed that as joint spacing increased, peak shear strength aiso increased. The observed

pre-peak behaviour within the rock mass was similar, irrespective of the joint spacing.

Rock messes comprising intact rock of much higher strengths have also been modelled, so the
effect of high intact rock strength on failure mechanisms and peak stresses and displacements could
be observed. It was found that the failure mechanisms were similar, but the magnitudes of the peak

shear strength were lower and the shear displacements at peak were higher than anticipated.
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As a result of these comparisons, it is the author’s opinion that the use of UDEC to model the
behaviour of rock masses can be undertaken with a greater degree of confidence. The main reason
for this opinion is the demonstrated ability of UDEC to correctly capture the mechanisms occurring
within the sample. This suggests that there is a significant potential for better estimates of rock
mass strength to be obtained using UDEC, even for very complex problems.
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9 SUMMARY AND CONCLUSIONS

This study has investigated the use of direct shear tests to assess the behaviour of rock masses, The
results of direct shear tests on samples manufactured from Johnstone have been measured and

analysed. A visual recording of the behaviour of the sample has also been made.

9.1 Development of equipment and techniques

A synthetic sedimentary rock called Johnstone was used for the laboratory testing. The rock mass
samples were fabricated by cutting joints into the Johnstone blocks, reassembling the pieces and
encapsulating them in plaster. These samples were tested using direct shear under constant normal
stiffness conditions using the existing direct shear apparatus at Monash University. A shear box
was specifically constructed for this testing program. The shear box, referred to as the Type “B”
shear box, has a braced perspex front that allows samples to be viewed during shear testing. This

allowed a visual record of each Type “B™ shear test to be made.

Methods and equipment for making rock mass samples suitable for testing in the direct shear

apparatus were also developed.
9.2 Observation and modelling of rock mass behaviour

The video footage obtained from the shear tests, together with the mear.r.d bebaviour, showed that

the rock mass behaved in one of three ways when subjected to direct sh.car. These were:

» sliding along a shallow joint set, followed by shear failure through an asperity formed

by the joints,

o rotation of a strut formed between the ends of the shear box, followed by shear failure
through the strut, and

¢ rotation of a block comprising most of the sample, followed by shear through the block.
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The conditions under which each mechanism occurred have been discussed. Simple mechanistic
models were developed to simulate the above mechanisms and allow the assessment of the peak
shear strength of the sample. The values calculated using these models for samples exhibiting
sliding/asperity shear and rotation/strut shear behaviour were found to be reasonably close to those
measured in the laboratory tests. The calculated values for rotation/block shear were found te be

higher than those measured in the laboratory.

The GSI envelope calculated using parameters judged to be suitable for the rock mass samples

compared well with the strength envelope formed by the normalised peak stresses measured during

the testing,
9.3 Effects of varying sample parameters

The effect of varying the sample parameters on sample strength was investigated during this study.

It was observed that:

» V= jations of joint inclination couid result in different pre-peak and failure mechanisms

and affect peak strength of the sample.

e Variation of intact rock strength and spacing affected the peak strength of the sample,
but not the pre-peak and failure mechanistus. The peak strength of the sample was reduced

when either intact rock strength or joint spacing were reduced.

e Variations of initial normal stress, geometry, small variations in joint inclination and
the introduction of a third joint set did not appear to have a significant effect on pre-peak

and failure mechanisms or on peak strength for the samples tested.

e The effect on rock mass behaviour resulting from the different sample geometries

tested was inconclusive.

9.4 UDEC modelling

Each of the Type “B” shear tests were modeiled using UDEC to assess the ability of UDEC to
replicate the behaviour of the sample as it underwent shear. The UDEC model was able to apply

CNS conditions and calculate stresses and displacemcnts. A visual record of the UDEC sample
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behaviour was made using the MOVIE function. It was found that the movie generated by the
UDEC model appeared to exhibit similar behaviour to that recorded in the laboratory tests. The
average peak shear stresses calculated using the UDEC models and those measured in the
laboratory tests were also found to be similar, while the calculated average peak normal stresses
were found to be reasonably similar to those measured in the laboratory. However, the UDEC

calculations of dilation and shear displacement at failure were not particularly close.

9.5 Limitations and further research

This study represents a preliminary investigation into the shear strength of jointed rock masses.

Some of the divections further research could take are listed below.

9.5.1 Rock mass geometry

The pre-peak behaviour and fai!ure mechanisms may have been influenced by the sample
geometry. The geometry of the sample was related o the geometry of the Johnstone block and the
available space within the sh.ar apparatus. The Type “B” blocks were developed specificatly for

this project. Testing samples of different geometry may provide different mechanisms and rock
mass strengths.

9.5.2 Joint inclination and spacing

The inclination of the joint sets in rock masses with three joint scts was restricted by the loss of
rock material during the cutting process. If the joint pattern did not form equilateral triangles, then
one of the joint sets would not be planar, leading to possible interlocking of the intact pieces in the
rock mass and inconsistent joint properties. If 2 means of introducing multiple joint sets that
produces aligned joints can be developed, the investigation of samples with three or four joint sets
could be undertaken.

The joint spacing was limited by the need to form intact rock pieces that could be handled without
breaking easily. A closer joint spacing also means that the sample will be smaller due to the loss of
material with each cut. While using a sironger material will assist handling of the small rock
pieces, it will adversely affect the cutting process and may produce a stronger rock mass, which in

tun would require a stronger shear box and stiffer testing apparatus. An alternative method of
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cutting joints into the intact block may be required to investigate the effects of joint inclination and
spacing more fully. The effects of varying the spacing of cach joint set could also be investigated,

together with the effects of significant variations of joint spacing within each joint set.

It would also be of interest to introduce joint sets that strike at different orientations to those carried
out in this study, i.e. producing a three-dimensional jointing pattern. However, suitable cutting and

assembly would need to be developed.

9.5.3 Joint properties

The joints cut into the rock masses tested in this study were smooth, planar and persistent with zero
cohesio=. This was adopted to remove the influence of the joint properties on sample strength and
to produce joints with similar behaviour, and also out of practical necessity. If a means of
producing joints that are rough can be developed, the influence of these joints on sample behaviour

might be assessed.

The effect of joint cohesion on rock mass behaviour could be investigated by coating the joints in
+he rock mass with a suitable bonding agent. The influence of non-persistent joints on rock mass
behaviour could be assessed if non-persistent joints could be formed using a suitable adhesive to

glue some of the rock pieces together.

9.5.4 Refinement of strength criteria

The results of this study show good agreement between the peak strengths obtained from the tests
and those calculated using the Hoek-Brown GSI criterion. The laboratory tests also indicate that
the joint spacing appears to influence the value of the s parameter. Additic:.al work may further
refine the influence of joint spacing and sample size on this parameter, and develop a more

rigorous approach to its selection.

9.5.5 Improvement of numerical model

The numerical model of the shear tests developed using UDEC shows that UDEC appears to be
able to replicate the displacement mechanisms occurring within a rock mass subjected to CNS

direct shear. Despite being able to capture these mechanisms, only reasonable agreement was
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obtained between calculated and measured peak strengths and poor agreement between calculated
and measured shear displacements and dilations at failure. The introduction of Voronoi polygons
to the model may provide a method of improving the accuracy of the models. The Voronoi mesh

allows the creation of cracks between the polygons and the subsequent mechanical behaviour of the
new joints.

9.5.6 Application to field studies

The models tested in this study, by necessity, were very simplified representations of rock masses
that may be encountered in the field. It would be interesting to compare the mechanisms described

in this study with those observed to have occurred in the field, if such observations are available.

Altemnatively, tests on samples recovered from the field would also Le of interest. These samples

could be classified in-sifu using GSI, then recovered and tested. Tke results of these tests may then
be used to further develop our understanding of rock mass behaviour.
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LABORATORY TESTING PROGRAM-TYPE “A” TESTS

TEST |TEST DATE [UCS’ le,, 6,, 6, spacing G COMMENTS
(MPa) (mm) (kPa)

vary UCS

Al 25-10-2000 |5 -45°, 15° 75 100

A2 24-10-2000 |5 45°,15°,75° {15 100

vary 0;,0,, 0,

A3 18-10-2000 {4 45%,15¢ 1715 100

Ad 29-8-2000 |4 -45°, 15?,_?5?_;" 75 100

Joint {19-10-2000 |4 I 100 Measure ¢;

vary spacing .

AS 31-8-2000 [4 45° 15° 50 . - 1100

A6 20-10-2000 |4 45° 15°, 75° 5 ~ [100

vary Gy

A7 10-10-2900 |4 45°, 15° 75 2000 -

AS 17-10-2000 {4 45°15° 75 40_0'.;_' :

! Nominal value.

? 9, as applicable.




Direct Shear Testing of Jointed Soft Rock Masses—Appendix A

LABORATORY TESTING PROGRAM-TYPE “B” TESTS

Direct Shear Testing of Jointed Soft Rock Masses-Appendix A

TEST |TEST DATE JUCS 8y, 01, 0 Spacing |y COMMENTS
(MPa) (mm) {(kPa)

Stage 1 - Vary §,, 0,, 0,

Bl 1052001 |3.0 -15°45° 70 100
B2 [2472001 3.0 60°30° |70 100
B3 [2572000 |30 60°45° 70 100
B4 26-7-2001 3.0 30°30° |70 100
BS 2772001 [3.0 30°45° 70 100
B6 15-52001 3.0 45%,15° T7o 100
B7 2382001 [3.0 45°60° 70 160
B7IA  [8-5-2002 3.0 45°,60° 70 100
BS 2482001 [3.0 1557545 |70 100
B9 2882001  [3.0 45,1575 |70 100
Stage 2 - repeat Stage 1 with 6,,0,,0,45°

B10  |29-8-2001  |3.0 -30°,30° 170 100
B10A [29-82001  [3.0 30°,30° 70 100
B11  [30-82001  [3.0 45°,15° 170 100
B12  [31-82001  [3.0 -15°,45° 70 100
B13  [10-102001 3.0 a515°05° |70 100
Stage 3 - vary spacing

B14  |11-10-2001 |3.0 -30°,45° 37.5 100
B15  [12-10-2001  [3.0 A5°,60° 375 100 use block B7
Bi6  |16-102001 (3.0 -60°45° 37.5 100
B17  |17-102001 [3.0 45°,15°,75° |50 100

A-4

TEST (TESTDATE |UCS |0,,6,,0, spacing loy, COMMENTS
(MPa) (mm) |(kPa)
Stage 4 - vary UCS
B18 8-11-2001 1.5 -30°,45° 75 100
B19 9.11-2001 1.5 -45°,60° 75 100 failure not reached using
F small load cell
RI9A |14-1-2002 1.5 -45°,60° 75 100 test repeated using large
load cell
B20 15-1-2002 1.5 -60,45° 75 100
B21 16-1-2002 1.5 [45%,15°75° |75 100
Stage S~ vary oy
B22 7-11-2001 3.0 -30°,45° 37.5 _50 :
B23 18-10-2001 {3.0 -30°,45° 37.5 300
Bz4 8-11-2001 3.0 -45°,15°,75° {70 50 '
B25 19-10.2001 3.0 -45°,15°75° (70 300 -
Supplementary tests
B26 |9-5-2002 3.0 -30°,60° - 70 100
B27 [10-5-2002 3.0 -45°,75° - {70 100
B28 |17-1-2002 3.0 90°,0° |70 100
B29 |18-1-2002 3.0 -60° 170 100 assess sliding on steep
| joints
B30 |14-5-2002 3.0 ~60°,15° o 470 100
B31 [16-5-2002 3.0 -45°+5°,60°+5° |70 100
‘Compliance tests
iB28A 11-1-2002 3.0 - - 600 assess joint compliance
B32 |7-5-2002 3.0 - - 600 intact Johnstone block
compliance :
B32A |11-1-2002 3.0 - - 100 intact Johmstone with
shear
B33A |[15-1-2002 >30 - - 600 intact concrete block #1
B33B |15-5-2002 >30 - - 600 intact concrete block #2
B33C |15-1-2002 >30 - - 100 intact concrete block with
shear
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SUMMARY OF TEST RESULTS ) )
Gi= 28 & ?..;
TYPE"A” - > b
w»
lest inputs - _ test outputs g @
! Apparent  Sliding  Rotation o) &>
NominslfActual Joint {teiction triction iriction Pre-falluse Normalised negative Dilatian o )
Jolat angles spacing [onl uUCS* Jangla angies angla deflection Peak Peak Peak Peak Jnegative dllation diiation  angle -] 8
:'1557 0: 82 63 mm kPa IMPa opp @149} (90-82)  [oim i a T o dilation  @fallure  displ @fallure g -
-45 15 - 75 160 Jaee {72 73 75 6 50 . X -0, X 5
A2 45 15 75 |78 100 504 Y63 73 75 20 q‘54::3 ;g'g 3‘3%—373%- %)65_ e 2.0 Y b2 “g’
A3 45 15 - 75 60 28 170 75 75 8 390 150 _ 0.119__0.048 {-0.10 0.4 3.0 5, 5 2
A4 -45 15 76 75 100 ’_@45 65 73 75 1 600, 290 ©.130__ 0.053 1.0.05 1.0 2.0 7. 3
Jolnt 10 - - . 100 29 26 - N - " - Tz H (r
:i; ::.:, }g ;5 gg :gg 44.:3 ;1 73 75 10 S00 175 __ 0.112  0.039_|-0.05 05 4.0 5.7 _ @ %
af A5 18 20 100 ] 8 73 75 5 J310 190 0074 0.048 |-0.05 0.5 5.0 25 '§
A7 5 : [520 N 73 75 9 570,240 _ 0.129  0.046 |-0.10 i) 5.0 10.2
AD -45 15 - Trs 400 J417  [e8 73 75 I8 790 310 0.189 0,074 }-0.45 +0.1 10.0 16.7 =
“using Type *B* correlation b
-3
-4 <
, o
SUMMARY OF TEST RESULTS e
0= 28 ?
TYPE "B* g
tast inputs tast outputs e
Apparent  Siiding  Rotatlon :;;1
Wominat/Actual Joint friction  frictlon frctlon  [Preailure Normallsed negative  Dilatien Q a
Joint angles spacing |Gni ucs:  |angle angle angle defiection |Peak Peak Peak Peak [negative dllation dilattan  angle 5] =1
TEST 01 (7] 03 mm kPa [Mra [épp @t+dhp (90-62)  {mm T a T o ditation  @fallure  disp) S tailure ] “;
B1 14 43 . 75 100|430 42 a2 47 42 10264160 0.237  0.270 [-0.10 5.4 20 8.0 5 N
82 -60 30 - 7 100__|4.14__ {65 88 60 20 1100805 6.268  0.146 [-0.20 7.0 1.0 23.0 = s
B? -60 45 - 75 100586 [55 88 45 =18 >1160 >850 -0.05 38 00 18.0 g
34 -1 28 - 75 100 Jooe  lso 59 81 18 10 540 0271  0.181 [-0.20 22 49 8.0 u‘f g
e -30 48 - 75 100 l3.a7__ {54 56 45 |20 1010840 _ 0.300 _ 0.249 |-0.10 a7 25 160 o -9
B6 .45 15 - 75 top 1370 )70 73 75 15 570 355 0154 0098 §-0.20 0.8 7.0 5.8 b 7]
B7 -46 81 - 75 100 (415 {48 74 29 24 >1110 »1130 005 5.2 - 14.0 = %
B7A -45 80 - 1o 100 {170 V47 73 30 16 825 @75  0.368  0.397 1-0.05 238 15 168 g
ige 546 75 |75 100 1327 lag 43 a4 Ipa 840 730 _ 0.196 0223 |-0.10 34 4.0 5.7 4 ~
|Bs -45 15 75 75 100 [3.03 |81 73 75 15 460 260 0.152 _ ©0.086 [-0.10 0.8 35 4.2 2
{810 -00+-5 30 +/-5 - 75 100 EAM | 5] 51 80 »>23 >1080_»870 -0.20 3.8 2.5 11,0 ﬁ Lol
B1] 45 ¢+/-5 15 +/-5 - 75 100 {259 |s0 681 75 16 530320 . 0.205 _0.124 [-0.15 1.3 5.0 7.0 Z
B13 1345 43 4/-5 - 75 100 J’_?:.m js0 39 47 >40 >740__ >1000 -0.15 4.8 25 7.0 Cé P
1813 46 +/-5 15 +/-§ 74 +/- 5|75 100 [282 _ |82 61 75 25 400 325 0.142 0115 1-0.10 1.1 6.5 a2 ﬁ
{914 -3 44 - an-32 1100 452 |5t 58 46 19 760 700 g.t68  0.155 |-0.10 3.0 30 13.2 S ¢
|B1s -47 57 - 30-35 100|322 143 75 33 127 905 1120 0.281 0.348 1010 5.1 15 125 w o
{B16 585 47 - 30-35 oo j2ge |47 88.5 43 14 540 530 0.203__ 0.189_[-6.0 2.4 a.0 12.7 :g
B1: .38 27 84 {3085 100 |31 [80 88 &3 19 205 180 0.078 0,048 $.0.20 0.4 10.0 28
B18 -31 43 . 10 100 Faa |52 59 47 10 810445 0264 0.231 ]-0.95 1.7 1.0 10.0 8
819 -45 58 - 70 44 73 a1 >8 >460  >460 -0.01 >1.9 . 15.0 a-
B19A -45 80 - 70 46 73 30 12 620 620 0281 _ 0.281 J-0.01 2.6 - 16.0
820 -61 45 - 70 J54 89 45 10 B00__ 495 {852 0.208 J-0.10 1.8 2.0 5.0 -3
B23 -45 16 74 70 68 73 74 9 300 150 _ 0119 0.080 [-0.10 0.3 55 25
822 -30 46 - a2 48 58 44 13 515510 0.151 _ 0.150 J-0.01 4.6 - 30,0
823 -33 43 - 30-37 48 a1 47 2 580 620  0.175  0.154 |-6.23 1.2 8.0 130
824 -45 16 74 70 70 73 74 8 270 110 _ 0.108  0.044 J-0.05 0.3 3.0 4.5
B25 -45 15 75 80-70 -j62 73 75 g 460 370 0.159  D0.128 §-0.35 0.3 15.0 31
526 -28 61 - 70 47 57 29 15 1550 580 0270 _ 0.270 J-0.02 22 0 11.6
827 -45 75 - 70 48 73 5 18 535 500 0322 0.301 0.00 2.0 0.0 11.8
A28 .90 0 . 70 57 118 90 6 290 325 _ 0.252 02683 J-0.01 0.8 . 2.0
B29 -60 - - 70 100|180  jes 88 90 6 450 210 0.250  @.117 [.0.05 0.6 2.0 .8
830 62 15 . 70 100 87 _ 89 90 75 7 260120 0.132  0.0681 [-0.13 0.1 55 4.0
|".:1 -45 4/-5 60 +/-5 - 70 100 [t.72  J46 67 27 12 815 520 0293 0.302 10.00 2.2 0.0 141
|pazA(ss) - - - N 103|115 |67 - 80 3.5 260 138 0226 0120 |0.0¢ .25 0
|rasc{Conc) |- - - . 60 |- 65 - 80
I
*using UGS Tes! resuits where possible
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Figure B1-5 - dx=41 mm

Figure B1-6 ~ dx=54 mm
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Test B3-5 —dx =12 mm

Test B3-6 -dx=15 mm
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Test B5-5 - dx =19 mm Test BS-6 — dx =33 mm
TEST B5
6, =-30° 0, = 45° 0; =n/a spacing = 70 mm

O, = 100 kPa k, =200 kPa/mm

UCS =3.37 MPa
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Test B6-5 - dx =29 mm Test B6-6 — dx = 50 mim
TEST R6
9, = -45° 0, =15° 0; =n/a spacing = 70 mm

6, = 100kPa k, =200 kPa/mm

UCS = 3.70 MPa
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Test B7-5-dx =19 mm

Test B7-6 - dx =23 mm

TEST B7
0] = -460
oni = 100 kPa

92 = 61° 93 = pfa
k, =200 ¥Pa/mm

spacing = 70 mm
UCS = 4.15 MPa
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Test B8-1 — dx =0 mm

Test B8-5 - dx =33 mm Test B8-6-- dx =45 mm
TEST B8
0, =-15° 0, =46° 0 =-75° spacing = 70 mm

Gni= 100 kPa  k, =200 kPa/mm

UCS =3.27 MPa
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Test B9-5 - dx = 20 mm

Test B9-6 —dx =32 mm

TEST B9
9, =45° 8, =15° 0; =75°
G, = 100 kPa k, = 200 kPa/mm

spacing = 70 mm
UCS = 3.03 MPa
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Test Details B10

9| = "305:50

B, = 30+5°

93 = . n/a’

spacing = 70 mm (nomy)
i = 100 kPa

k, = 200 kPa/mm
Ucs = 3.44 MPa

Direct Shear Testing of Soft, Jointed Rock Masses — Appendix B

Test B10-5-dx =18 mm

Test B10-6 — dx =22 mm

TEST B10
9, =-30+5°
G, = 100 kPa

9; = 30+5° 93 =n/a°
k, = 200 kPa/mm

spacing = 70 mm (nom)
UCS = 3.44 MPa
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Test B10A-J —dx = 15 mm

Direct Shear Testing of Soft, Jointed Rock Masses — Appendix B

Test BIBA-6 ~dx =17 mm

TEST B10A
0, =-30+5° @, =30+5° 0; =n/a° spacing = 70 mm (nom)
On = 100 kPa  k, = 200 kPa/mm UCS =344 MPa
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Test B11-5 —- dx =24 mm

TEST B11

0, =45+5° 6, = 15£5° 6; =w/a’

o, =100 kPa k., =200 kPa/mm

Test B11-6 — dx =33 mm

spacing = 70 mm (nom)
UCS = 2.59 MPa
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Direct Shear Testing of Soft, Jointed Rock Masses — Appendix B

Test B12-5-dx =29 mm

Test B12-6 — dx = 38 mm

TEST B12
8, =-1325° 09, =43+5° @ =n/e" spacing = 70 mm (nom)
G, = 100 kPa  k, =200 kPa/mm UCS =2.73 MPa
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Test B13-5 - dx =26 mm

Direct Shear Testing of Soft, Jointed Rock Masscs — Appendix B

Test B13-6 ~dx =35 mm

TEST B13
0, =-46+5°
Ga; = 100 kPa

6, = 1525°

93 = 74:[-:50

k, = 200 kPa/mm

spacing = 70 mm (nom)
UCS =2.82 MPa
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Test B14-5 — dx =18 mm
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Test Bl4-6 —dx =33 mm

TEST B14

6 =-31° 6, =44° 0; =n/a’ spacing = 30-32 mm

Oqi = 100 kPa  k, =200 kPa/mm UCS =4.52 MPa
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Test B15-5 - dx =32 mm

Test B15-6 —dx =41 mm

TEST B15
8, =47° 8, =57° 8; =n/a’ spacing = 30-35 mm
Gni= 100 kPa  k, =200 kPa/mm UCS =3.22 MPa
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o dese

Test B16-5-dx =26 mm

TEST Blé
0, =-58° 0, =47° 8, =n/a®
o= 100 kPa k, =200 kPa/mm

spacing = 30-35 mm
UCS =2.66 MPa
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Test B16-6 — dx =35 mm
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TestB17-1 -dx =0 mm

Y T

Test B17-5 - dx =20 mm

Test B17-6 —dx =38 mm

TEST B17
9| = -380
Oni = 100 kPa

9, =27° B, =84°
k, = 200 kPa/mm

spacing = 30-55 mm
UCS = 3.91 MPa
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Test B18-5—dx = 15 mm

Test B18-6 —dx =21 mm

TEST B18

6, =-3 1° 0, = 43° 6; = n/a’

G = 100 kPa k.= 200 kPa/mm

spacing = 70 mm
UCS =1.93 MPa
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No video footage.
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Test B19A-5 — dx = 13 mm

Test B19A-6 —dx =27 mm

TEST BI%A
9| = -450 91 = 60° 93 = n«"a"
o= 1060 kP2 k, =200 kPa/mm

spacing = 70 mm
UCS =2.21 MPa
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Test D
6
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Test B21-5-dx =19 mm

Test B21-6 —dx =30 mm

TEST B21
9| = -450 92 = 160 93 =74°
G, =100 kPa  k, = 200 kPa/mm

spacing = 70 mm
UCS =2.52 MPa
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Test B22-8 — dx = 20 mm

Test B22-6 - dx =28 mm

TEST B22
8; =-30° 6, =46°
on=5CkPa  k,=200kPa/mm

93 =n/a’®

spacing = 32 mm
UCS = 3.40 MPa
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Test Details B23
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Test B23-5-dx =15 mm

Test B23-6 - dx =25 mm

TEST B23
8, =-33° 9, =43° 8; =n/a’
cni=300kPa k, =200 kPa/mm

spacing = 30-37 mm
UCS =2.38 MPa
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Test B24-5 —dx = 16 mm

Test B24-6 - dx =28 mm

TEST B24
8, = 45° 8, = 16° 8, = 74° spacing = 70 mm
on=50kPa  k, =200 kPa/mm UCS = 2.50 MPa
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Test B25-5-dx =21 mm

Test B25-6 — dx =34 mm

TEST B25
0. = .45° 9; = 150 93 =75°
o =300 kPa k,=200kPa/mm

spacing = 60-70 mm
UCS = 2.89 MPa

BTN
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Test B26-1 - dx =0 mm

Nt T

Test B26-5 — dx = 20 mm

Test B26-6 — dx =30 mm

TEST B26
0y =-29° 6, =61° 8; =n/a° spacing = 70 mm
oni = 100 kPa k., =200 kPa/mm UCS =2.04 MPa
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Test B27-5-dx =25 mm Test B27-6 —dx =35 mm

TEST B27
9[ =-45" 92 =75° 93 = n/a°
oni = 100 kPa  k, =200 kPa/mm

spacing = 70 mm
UCS = 1.66 MPa
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o
5

Test Details B28
&, = 90° ]
0, 0°

93 n/a®
spacing 70 mm
Tni = 100 kPa

/ ucs = 1.15 MPa

-]
3

=]
(=3
L=

g

fl

]
=
L=J

i

Shear Siress (kPa)
8

My
=
[=]

8
~

=]

T T— T

0 100 200 300 400 500 600 700 80D
Nomnai Stress (kPaj) B23

oo
=

=4
=]
[=]

g

[4.]
=
[=]

8
=3

Shear Stress (kPa})
S
S

g

T T

-
L=~J
L =J

=

/ T T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55 60
Displacement (mm}) B28

700

=]
L=]
L=

g

|

Normal Stress (kPa)
o
2

\

~

o

2

=]

T T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55 60
Displacement {mm}) B28

w
o

i
o

w
o

Dilation (mm)
M
=

-
=]

Test B28-5 — dx = 20 mm Test B28-6 — dx =30 mm

o
o

—_ TEST B28
9 § 10 15 20 25 30 35 40 45 SO 55 60 | 8, =-90° 0, =0° 0, = n/a° spacing = 70 mm
: o =100 kPa k, =200 kPa/mm UCS = 1.15 MPa
Digplacement (mm} B28

]
-
=]

B-72 B-73




Direct Shear Testing of Soft, Jointed Rock Masses — Appendix B
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No video footage.
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No video footage.
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Test Details B32A
Johnstone -  Intact Block
8001 Ci = 100 kPa

k. = 200 kPa/mm
400 UcCs = 1.15 MPa

(Pa)
8

Shear Slress

—— T T

0 100 200 300 400 500 600 700 8OO
Nomal Stress (kPa) Ba2Aa

800

700

GO0

g

8

Shear Slriss (kPa)
2
L]

g 8

=]

T T

0 1 2 3 4
Displagement {(mm) 832

800 —‘

7060

4]
-]

=]
(=]
L=

kPa
{§ )

o
=
=3

Norma) Stress
(]
a2

[2=]
=
(=]

il

8

(=]

T T T

] 0 1 2 3 4 5 6
Displacement (mm) B32A

w
o

N
m

g
o

Test B32A-3 -dx=3 mm

Dilalioa_'l. {mmj}
in

-
[—]

6.5

S TEST B32A - Intact Johnstone with shear.
0.0 < : — : : - ; 0, =n/a’ 9, =n/a’® 03 =n/a’ spacing = n/a

0 1 2 3 4 5 6 G, =100kPa k,= 200 kPa/mm UCS =n/a
Displacement {mm) BazA

B-84




Direct Shear Testing of Soft, Jointed Rock Masses — Appendix B

ol
(=1

Test Details BR33A

o
n

System Compliance - Test 1

=
(-]

Concrete - Intact Bleck
Pyl = 600 kPa
ky = 200 kPa/mm

Defleciion {mm)
in

g
(=3

el
]

bind
=

0

stress (kPa)

100 200 300 400 500 600

i "

B33A
700

e
n

-
L=

Deflection {mmj}
&

N
o

b
th

[
o

Deflection (mm)
b - - o o
o ) o tn o

N
wn

e
=}

0

Time (sec)
1C0 ~00 300 400 500

A

B33A
600

\

\

B-86

Direct Shear Testing of Soft, Jointed Rock Masses — Appendix BB
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APPENDIX C

UDEC CODE AND OUTPUT

UDEC PROGRAM FLOW DIAGRAM........cccivimincirreeenicsirecenesinnees C-3
SAMPLE UDEC CODE (based on Test BI8).....cccvviivcervnnvenireorennnnan. C-5
g CD-ROM CONTAINING UDEC MOVIE OUTPUT AND
POWERPOINT SLIDESHOW FOR EACH TYPE “B” TEST

' INSIDE BACK COVER
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UDEC PROGRAM FLOW LIAGRAM | Establish model

g try
Assign material &
joint constitutive
models

L

Call FISH
functions:
*top_gridpoints
*side_gridpoints
*LHS zones

y

Apply boundary
S conditions

4 Siep to
equilibriu
Apply initial
normal stress
3 '_ Apply horizontal
9 velocity
Y
’ Call FISH
function supstep
Call FISH

. function supsolve

_~Calculate
1,G,dx,dy

Apply &do for
nsup steps

Y

Plot histories of
1,0,dx,dy

C-2
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SAMPLE UDEC CODE (based on Test B18)

title

Shear Test Simulation-displacement control-CNS
head

Test B18

ro 0.001

;=——plot outer box-—-—-
b10,09,0.34 0.44,0.34 0.44,0
;-----plot top half of shear box
crack 0.00,0.18 0.02,0.18
crack 0.02,0.18 0.02,0.34
crack 0.02,0.32 0.42,0.32
crack 0.42,0.34 0.42,0.18
crack 0.42,0.18 0.44,0.18
;-----plot bottom half of shear box
crack 0.00,0.17 0.02,0.17
crack 0.02,0.17 0.02,0.0
crack 0.02,0.02 0.42,0.02
crack 0.42,0.0 0.42,0.17
crack 0.42,0.17 0.44,0.17
crack 0.00,0.02 0.02,0.02
crack 0.01,0.02 0.01,0.17
;-----plot gaps

crack 0.02,0.18 0.02,0.17
crack 0.42,0.18 0.42,0.17

]

;=~-=-assign matenial model§—e--

;delete gaps
del range 0.00,0.02 0.17,0.18
del range 0.42,0.440.17,0.18

;-----steel box - upper

ch cons=1 mat=6 range 0.0,0.02 0.18,0.34
ch cons=1 mat=6 range 0.02,0.42 0.32,0.34
ch cons=! mat=6 range 0.42,0.44 (.18,0.34
;-----steel box - lower

ch cons=1 mat=6 range 0.0,0.02 0.0,0.17
ch cons=1 mat=6 range 0.02,0.42 0.0,0.02
¢h cons=1 mat=6 range 0.42,0.44 0.0,0.17

;==-=-rock mass

ch cons=3 mat=4 range 0.02,0.42 0.02,0.32

1}

C-4




T T AR e e e e ot o ey i

Direct Shear Testing of Jointed Soft Rock Masses — Appendix C

;~----plot joints *n rock mass--—

jset 43,0.5 0.70,0 0,0 0.07,0.002 0.02,0.175 range mat 4
jset -31,0.5 0.70,0 0,0 0.07,0.002 0.02,0.175 range mat 4
pl bl

gen.edge 0.015

;—----assign material properties—---
;---—-steel

prop mat=6 d=7800 bu=185¢9 sh=110e9
~—-—t0ck

prop mat=4 d=2200 bu=185¢e6 sh=110e6 coh=6003 fi=37 ten=350e3 dil="

;—-——rock joints
prop jmat=4 jkm=1000e6 jks=100e6 je=0 jf=27 jt=0
;—---steel-steel joints
prop jmat=6 jkn=1000e9 jks=100e9 jc=10e6 jf=28 jt=10e9
;-----steel-rock interface
prop jmat=8 jkm=1000e6 jks=100¢6 jc=0 jf=28 jt=0
;-----assign joint models
;~---jmat=6 steel-steel, jmat=8 steel-rock jr:at=4 rock-rock
ch jeons=2 jmat=6 range mint 6,6
ch jcons=2 jmat=8 range mint 6,4
ch jeons=2 jmat=4 range mint 4,4
;-—~fish routine to set up array of gridpoints in top-—--
def iop_gridpoints

array gp_top(100)

ntop=0
bi=block_head

loop while bi#0
ifb_y(bi)< 0.325 then
gi=b_gp(bi)
loop while gi#0
if gp_v(gi)>0.315 then
ntop=ntop+l
gp_top(ntop)=gi
endif
gi=gp_next(gi)
end_loop
endif
bi=b_next(bi)
end_loop
end

?
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:-----fish routine to set up array of gridpoints in side-—-
def side_gridpoints
array gp_side(100)
nsi =0
ki=block_head
ioop while bi#0
if b_y(bi)<0.175 then
ifb_y(bi)>0.022 then
if b_x(b1)>0.015 then
gi=b_gp(bi)
loop while gi#0
if gp_x(gi)<0.025 then
nside=nside+1
gp_side(nside)=gi
endif
gi=gp_next(gi)
end_loop
endif
endif
endif
bi=b_next(bi)
end_loop
end
;---—-fish routine to set up array of zones in LHS~—-
def LHS_zones
array z_LHS(100)
nLHS=0
bi=block_head
loop while bi#0
zi=b_zone(bi)
if z_y(zi)<0.17 then
if z_y(zi)>0.02 then
if z_x(zi)<0.02 then
loop while zi#0
if z_x(zi)>0.01 then
nLHS=nLHS+1
z_LHS(nLHS)=zi
endif
zi=z_next(zi)
end_loop
endif
endif
endif
bi=b_next(bi)
end_loop
end

¥




Direct Shear Testing of Jointed Soft Rock Masses — Appendix C

;-——call fish function to set up top and side arrays of gridpoints
top_gridpoints

side_gridpoints

LHS zones

;ave TestB18.sv0

;—---apply initial boundary conditions-~---
;~--=-bottom box

bound yvel=0 range -0.01,0.441 -0.01,0.01

;-----top box
bound xvel=0 range 0.0,0.02 0.18,0.34
bound xvel=0 range 0.42,0.44 0.13,0.34

;——--apply initial horizontal stress

insitu str -100¢3,0,0 range mat=4

insitu szz -300¢3 range mat=4

solve force =200 step 10000

pl bl sxx

;~----apply initial vertical stress and step to equilibrium
bound sir 0,0,-100¢e3 range -0.0,0.44 0.338,0.34i
grav 0,-10

his unbal

his ydis 0.22,0.34

his xdis 0.0,0.09

solve force=200 step=10000

pl bl disp

pl bl syy

save TestB18.svl

;-----fish routine to measure stresses and displacements in top~----
deftop_disp
normal_area=0.1
y_dis=0.
y_load=0.
ini_nstress = ~100e3
stiffness=200e6
inc_nsiress=0.
loop nn (1,ntop)
gi=gp_top(nn)
y_dis=y_dis+gp_ydis(gi)
y_load=y load + gp_yforce(gi)
end_loop
average ydis=4e-4 + y_dis/float(ntcp)
normal_stress=ini_nstress - average_ydis*stiffness
inc_nstress=normal_stress-old_nstress
old_nstress=normal_stress
end

*
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;---—-fish routine to measure displacements in side-——

def side_disp
shear_area=0.1
x_dis=0.
average xdis=0.
loop mm (1,nside)
gi=gp_side(mm)
x_dis=x_dis+gp_xdis(gi)
end_loop
average xdis=x_dis/float(nside)

;-----fish routine to measure stress in side--—-

def side_sfress
shear area=0.1
x_stress=0.
shear_stress={.
loop tt (1,nLHS)
zi=z_LHS(1t)
x_stress=x_stresstz_sxx(zi)
end_loop
shear_stress=x_stress*0.375/float(nLHS)
end

def supstep
top_disp
side_disp
side_stress
dummy=ns  ; need to make ns a FISH parameter, so can 'set' a valuc in UUSC
command
bou stress 0,0,inc_nstress range 0.02,0.42 0.32,0.40
step ns
print inc_nstress
endcommand
end
movie on file=TestB18.dex
movie step on 5000

def supsolve
loop kk (1,nsup})
supstep
endloop
end
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;—---displace lower half-----

bou xvel=0.1 range -0.61,0.1 0.0,0.17

bou xvel=0.1 range 0.43,0.45 0.0,0.17
pl bl plas CD-ROM CONTAINING UDEC MOVIE OUTPUT AND POWERPOINT

set ovtol=0.5 SLIDESHOW FOR EACH TYPE “B” TEST INSIDE BACK COVER.

; — = fFnc =-10 dis=0.
set ns=250 nsup=800 stiffncss=200e6 old_nstress—=100e3 average_ydis= CR-ROM ALSO CONTAINS UDEC MOVIES OF VARIATION OF JOINT

his normal_stress F SPACING AND INTACT ROCK STRENGTH.
label hist 4
Normal Stress e
his average_vydis 3
label hist § 3
Y Displacement 5
his shear_stress
label hist 6
Shear Stress 2
his average_xdis
label hist 7
X Displacement
his inc_nstress
label hist 8
Incremental Normal Stress 3
. ‘
supsolve 3
:save TestB13.sv2 3
pl his -6 vs 4 g
plhis -4 vs 7 i
pl his 5 vs 7
pl his -6 vs 7 3
movie off
ret
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