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| ntroduction

Design of rock slope is one of the major challergfesvery stage of open pit mining operations.
Providing an optimal excavation design based orolaust analysis in terms of safety, ore
recovery and profit is the ultimate goal of anyps&odesign. The rock slope stability is
predominantly controlled by the strength and deftiam of the rock mass which
characteristically consists of intact rock materiahd discontinuities. Initially, movement of the
slope occurs due to stress relaxation as a resukrooval of rocks which used to provide
confinement. This behavior of slope can be attatub linear elastic deformation. In addition to
this, sliding along discontinuity surfaces and titila in consequence of formation of cracks can
occur. Ultimately all these instabilities lead t@ildire of the slopes. Therefore, formulation of
slope designs plays critical role in the processlope stability. In conventional approaches for
assessing the stability of a homogeneous slopé, asithe limit equilibrium method (LEM) and
shear strength reduction (SSR) method, rock massagth is usually expressed by the linear
Mohr-Coulomb (MC) criterion. However, rock massesigth is a non-linear stress function.
Therefore, the linear MC criterion generally do agree with the rock mass failure envelope,
especially for slope stability problems where tbekrmass is in a state of low confining stresses
that make the nonlinearity more dominant.

With the aim of better understanding the fundamerdek slope failure mechanisms and
improving the accuracy of the rock slope stabilégults, this research focuses on the application
of the Hoek-Brown (HB) criterion, which can ideatigpresent the non-linear behavior of a rock
mass, on the rock slope stability analysis.

There, three major sections are available in tksith The first section, from Chapters 1 to 4,

proposes new methods for estimating the intact muk rock mass properties, which will be
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used for slope stability analysis. In the seconttiee studied in Chapter 5, a new non-linear
shear strength reduction technique is proposethm@nalysis of three-dimensional (3D) slope
modeling. In section three (Chapter 6), novel $itslsharts are proposed, which have the merit
of estimating factor of safety (FOS) for a giveaps directly from the HB parameters and rock
mass properties. These charts can provide a guoitkediable assessment of rock slope stability.

The major research contributions and outcomesebtlerall researches are presented in six
journal publications which are forming the thedike titles of Chapters 1 through 6 reflect the
titles of the journal papers.

In Chapter 1, laboratory tests conducted on Hawkesbury sandstdiained from New
South Wales are carried out to investigate thetioslship between the HB constami and
uniaxial compressive strength (UCS) of intact rd8&sed on the analysis of the laboratory tests
and the existing database, a new method that ¢ama¢s the HB constamh values from UCS
and rock types is proposed. The proposed methodeatably be used in the HB criterion for
intact rock strength estimation when the triaxésits are not available.

In Chapter 2, an analytical solution for estimating the instargous MC shear strength from
the HB failure criterion for highly fractured rockass is presented. The proposed solution is
based on the assumption that the HB parameterequal to zero. The proposed solution has the
merit of producing very accurate shear strength Highly fractured rock mass where the
Geological Strength Index (GSI) is less than 40.

In Chapter 3, an analytical solution, which can calculate theas strength of rock masses
accurately for the whole range GSI values, is psegd as an extension to the work in Chapter 2.
The proposed approach is based on a symbolic sgresnalysis performed by genetic

programming (GP). The proposed solution not onlp &@ implemented into the LEM to
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calculate the instantaneous shear strength of sk of a failure surface under a specified
normal stress, but also can be implemented intdefialement method performed by SSR
approach to calculate the instantaneous sheaggtreheach element under different stress state
of a slope.

In Chapter 4, as a part of estimating rock mass strength aastielproperties in the first
section, the most widely used empirical equatiangtie estimation of deformation modulus of
rock massesH,) are reviewed. Two simplified empirical equatidas estimating ok, are also
presented. The proposed empirical equations usedhk Mass Rating classification system and
the deformation modulus of intact rodk ) as input parameters. These equations can beiused
the numerical modelling for slope stability anasysvhich is conducted in Chapter 5.

In Chapter 5, a new non-linear shear strength reduction techngjpeoposed to analysis the
stability of 3D rock slopes satisfying the HB fa#ucriterion. The method for estimating the
instantaneous MC shear strength from the HB coitedescribedn Chapters 2 and 3 are used to
estimate shear strength of elements in FEA@odel. The proposed 3D slope model is used to
analyse the influence of boundary condition on dhkulation of FOS using 21 real open pit
cases where the values wf and E, values are calculated from the methods introduoed
Chapters 1 and 4, respectively. Results show tietvalues of FOS for a given slope will be
significantly influenced by the boundary conditi@specially the case where the slope angle is
less than 50°.

In Chapter 6, extensive slope stability analyses using LEM aagied out. The calculation
of FOS is based on estimating the instantaneoussh&ar strength of slices of a slip surface
from the HB criterion. Based on the analysis resutiovel stability charts are proposed. The

proposed charts are able to estimate the FOS dorem slope directly from the HB parameters,

Xl



slope geometry and rock mass properties. It isestgd that the proposed chats can be used as

useful tools for the preliminary rock slope stapikssessment.

Xl



List of contents

Statement Of OFgINAIILY .........oooi i nenna Vi
ACKNOWIEAGMENTS. ...t Vil
Ta1rgelo [FTox1To] o H P PP PP PPPPPPPPTPPPP X
LISt Of TADIES ... XVI
LISt Of FIQUIES ... XV
LISt Of SYMDOIS ..ot r et e e e e e eeeeeeeeeeeeseeseees XXIV
Chapter 1 A New Method for Estimating the Hoek-Bno@onstant for Intact Rocks............... 3

Chapter 2 Determination of Mohr-Coulomb Shear SjtleParameters from Generalized Hoek-
Brown Criterion for Slope Stability ANAIYSIS e eeeeeeieiiiiiiiiie, 29
Chapter 3 Direct Expressions for Linearization d¢fe& Strength Envelopes Given by the
Generalized Hoek-Brown Criterion Using Genetic Pangming ..........ccooeeeveeeenennn. 51
Chapter 4 A Comparative Study for Empirical Equasgion Estimating Deformation Modulus
OF ROCK IMAISSES ... oot e e e e e ee e 81
Chapter 5 Three-Dimensional Numerical Analysis Rock Slope Stability Using Non-linear
Shear Strength Reduction Method ...........ocoeeeeeiiiiiiiiiiiiieeiieiieieeeee e 107
Chapter 6 Chart-Based Slope Stability AssessmennhgUshe Generalized Hoek-Brown
(O 1107 1 0] o KU U PR 137

Chapter 7 Conclusions and Recommendations for &UWOrK...........cccceevveeviieiiiiienenen, 175

XV



XV



List of Tables

Table A (Table 1 in Chapter 1) Estimatetl values by regression analysis using triaxial test
data at different confining StrESSES.......ovii i et e e e e 8
Table B (Table 2 in Chapter 1) Bestrfit andmy constants to estimats, usingo,; for specific
0o S 1 0= P 15
Table C (Table 3 in Chapter 1) Comparison of tregligtion perfromance of differernt methods
using the sandstone laboratory test data .............ccoooviiiiiiceeeii e, 19
Table D (Table 1 in Chapter 2) Shear stressesraatefrom Priest and Bray solutions over a
FANGE OF G Sl e e e e 35
Table E (Table 2 in Chapter 2) Range of input met@rs..............cooo i 38
Table F (Table 3 in Chapter 2) Data for validatadrihe proposed approximate solution..39

Table G (Table 4 in Chapter 2) Comparison resofitshear strength parameters with different

MEENOUS ... o e e s 43
Table H (Table 1 in Chapter 3) Parameters us€aHranalysis..........ccccccocivi i, 63
Table | (Table 2 in Chapter 3) Range of input PBFERIS........cco i, 65
Table J (Table 3 in Chapter 3) Data of HB criterior GP analysis................ccoooeevnis 66

Table K (Table 4 in Chapter 3) Shear stressesimddafrom numerical and GP analytical
solutions over a range of NOrMal SIrESSES......uivuveiie i e e 71
Table L (Table 1 in Chapter 4) Empirical equatiosshg RMR and GSI for predictirtg,.....85
Table M (Table 1 in Chapter 5) 3D slope stabilibalysis using different methods........... 109
Table N (Table 2 in Chapter & omparison of failure surfaces corresponding to R@bes
using different CONVErgencCe Crteria..........vv e iis v e e e e 119

Table O (Table 3 in Chapter 5) Input parameters slbpe Case.........coweeeveiieiiieninnnnnn. 121

XVI



Table P (Table 4 in Chapter 6pmparison of failure surfaces, contoursa@ind ¢ and FOS of
a slope model under various boundary conditions..............cccoveviiieneinenn. 122

Table Q (Table 5 in Chapter 5) The results of R fg of the slope with different slope

Table S (Table 1 in Chapter 6) Comparison of thetdr of safety estimated from different
Stability Charts ... 145
Table T (Table 2 in Chapter 6) Slope modelingisgtin Slide 6.0.................ccooviiiini, 146

Table U (Table 3 in Chapter 6) Comparison of tRESFof a given slope with the same value of

Table V (Table 4 in Chapter 6) Comparison of tkSFof a given rock slope with various Hoek-
BIrOWN ParameLerS. .. ... e e e e e e e e e e - 151
Table W(Table 5 in Chapter 6) Three slope exampleslyzed using the proposed stability

(o] 4 = T 169

XVII



List of Figures

Figure A (Fig. 1 in Chapter 1) The Hoek-Brown fadienvelopes using different values....... 8
Figure B (Fig. 2 in Chapter 1) Comparison of seéwisiés to the confining stress range employed
for m; fitting, as indicated by th@ parameter ...............ocovviiiiiii i ieen 9
Figure C (Fig. 3 in Chapter 1) Distribution of values for sandstone............coevven... 11
Figure D (Fig. 4 in Chapter 1) Correlation betw&andm;, after Read and Richards (2011) ..12
Figure E (Fig. 5 in Chapter 1) Correlation betwesgnandos,; for 28 rock types................ 13

Figure F (Fig. 6 in Chapter 1) Rock strength predicperformance using Eq. 7 for general rock

Figure G (Fig. 7 in Chapter 1) Correlation betwesan and o for specific rock types
corresponding to their rock strength predictiorf@@nances............................. 16
Figure H (Fig. 8 in Chapter 1) Comparison of exmemtal rock strength with predicted rock
strength using different methods......... ... e 18
Figure | (Fig. 9 in Chapter 1) Cumulative distrilut function (CDF) of prediction errors
(AAREP) of different methods using five rock tygasTable 2.......................... 21
Figure J (Fig. 1 in Chapter 2) (a) Major and mipoincipal stresses for the HB criterion, (b)
Normal and shear stresses for the HB criterion..............cccooeo i e, 32
Figure K (Fig. 2 in Chapter 2) Shear stress VeBBE............coviiii i i 34

Figure L (Fig. 3 in Chapter 2) Priest numericalsesr proposed approximate analytical value of

XVIII



Figure N (Fig. 5 in Chapter 2) Priest numericaisus proposed approximate analytical value of

O] e ettt e e s 42
Figure O (Fig. 6 in Chapter 2) Comparison of argjl&iction gresults ...............ccoveeennns 44
Figure P (Fig. 7 in Chapter 2) Comparison of cabresiresults.............cooooiiiiiiiiiiinnnn. 45
Figure Q (Fig. 8 in Chapter 2) Comparison of shstaassr results...........c.ocoviiii s, 46

Figure R (Fig. 1in Chapter 3) (a) The basic of rodtlof slices, (b) Forces acting on a given

Figure S (Fig. 2 in Chapter 3) The MC criterion wimg shear strength defined by angle of
friction @and CONESIOM..........oiii it e e e e e e 53

Figure T (Fig. 3 in Chapter 3) (a) Maximum and minom principal stresses for the GHB

criterion, ( b) Normal and shear stresses for thiB@riterion [27] ...........cceeeneet 56
Figure U (Fig. 4 in Chapter 3) A typical tree stiwre of the function ok*y-sin(2) ............. 60
Figure V (Fig. 5 in Chapter 3) A basic flow chast GP.............cccoiiiii i, 60
Figure W (Fig. 6 in Chapter 3) Crossover operaiiogenetic programming.............c.o....... 62
Figure X (Fig. 7 in Chapter 3) Mutation operationgenetic programming.................. ... 62
Figure Y (Fig. 8 in Chapter 3) Numerical versus¥aRie oft/oci........ccovvviiiiiiiiiiniinnnnn. 68
Figure Z (Fig. 9 in Chapter 3) Discrepancy analgéithe proposed analytical solution.......... 69

Figure AA (Fig. 10 in Chapter 3) Discrepancy analys the analytical solution which has the
lowest value Of AAREP... ... e 70

Figure BB (Fig. 11 in Chapter 3) Hoek-Brown shetersgth envelope in shear stress/normal
U SS S PACE ... ettt ittt et e et e e e e e e e 72

Figure CC (Fig. 12 in Chapter 3) Comparison of slsé@ss results...................c.oiniiin 73

XIX



Figure DD (Fig. 1lin Chapter 4) Empirical equatiamgroup 1 for estimating,n compared with
1 U F- | = PP 88
Figure EE (Fig. 2 in Chapter 4) Empirical equatiam€&roup 2 for estimating,, / E; compared
WItN N-STTU QATAL. .. ...t e e e e e e e e e 89
Figure FF (Fig. 3 in Chapter 4) Empirical equatiom§&roup 3 for estimating.,, compared with
1 U F- | = PP 91
Figure GG (Fig. 4 in Chapter 4) Empirical equation&roup 4 for estimating,, / E; compared
WItN N-STTU QATAL .. ... e e e e e e e 92

Figure HH (Fig. 5 in Chapter 4) Empirical equatiansGroup 5 for estimating,, compared

With IN-SitU data,og=80MPaAL. .. ... e 93
Figure Il (Fig. 6 in Chapter 4) Plot the Eq. 4 tbein-situdata...................oov i, 95
Figure JJ (Fig. 7 in Chapter 4) Estimatgglvalues from Eq. 4 versus-situ data.............. 96
Figure KK (Fig. 8 in Chapter 4) Plot the Eq. 5 thein-situdata...................ocoiiiis 97
Figure LL (Fig. 9 in Chapter 4) Estimaté&g, / E; values from Eg. 5 versus-situ data.......... 98

Figure MM (Fig. 10 in Chapter 4, values estimated from Eqg. 4 compared with Hoek and
Diederichs (2006)N-SitU data..........c.uieiii it e e e e eeenas 99
Figure NN (Fig. 11 in Chapter £, /E; values estimated from Eq. 5 compared with Hoek and
Diederichs (2006)N-SitU data...........ovveiiniitiie it e e e e e e 100
Figure OO (Fig. 1 in Chapter 5) Instantaneous M@etpe of the HB criterion in the normal
and Shear StreSS PlaNE... ..ot e 211
Figure PP (Fig. 2 in Chapter 5) The correlationsveen MC parameters a@ad................ 114
Figure QQ (Fig. 3 in Chapter 5) Flow chart of tipplécation of HB criterion into FLAE® using

non-linear SSR teChNIQUE..........coviii i e e e ie e 0. 116

XX



Figure RR (Fig. 4 in Chapter 5) Boundary conditibmsa slope model.......................... 118
Figure SS (Fig. 5 in Chapter 5) Plot of FOS vakesus mesh elements......................... 120
Figure TT (Fig. 6 in Chapter 5) The correlationsweenfz and S under different boundary
CONdItioNS fOr @ SIOPE CASE...... vt e e e e e e 124
Figure UU (Fig. 7 in Chapter 5) The correlationsweenfs and £ under different boundary
conditions fOr OPEN Pit CASES. .. ......uiuiie et i e e e aeaan 127
Figure VV (Fig. 8 in Chapter 5) The correlationsvbeenfs xy andH, o¢i, GSI,m............... 128
Figure WW (Fig. 1 in Chapter 6) Relationship betawét8 and equivalent MC envelopes ....141
Figure XX (Fig. 2 in Chapter 6) Slope stability ch@=45°,a=0.5) [12] ..........cccevveenn.n. 142
Figure YY (Fig. 3 in Chapter 6) (a) Slope stabilityart withD=0 [13], (b) Slope stability chart
with D=0.7[14], (c) Slope stability chart witD=1.0 [14] ........ccccoriiiiiiiiiiiiinn. 143

Figure ZZ (Fig. 4 in Chapter 6) (a) The basic otimoe of slices, (b) Stresses acting on a given

Figure AAA (Fig. 5 in Chapter 6) Proposed stabilifyarts for rock mass slopg=45, D=0
(BEIMISB5) e e ettt e, 155
Figure BBB (Fig. 6 in Chapter 6) Proposed stabititarts for rock mass slopg=45, D=0
(SR=0.1, 1, 10, 40) ... e e 5
Figure CCC (Fig. 7 in Chapter 6) (a) Relationshgmieenc/o; and GSI for differentr; values
[29], (b) Relationship betweepand GSI for differentn values [29] ................... 157
Figure DDD (Fig. 8 in Chapter 6) Alternative forrhkig. 6b using the stability numbat...158

Figure EEE (Fig. 9 in Chapter 6) Chart for estimgtdisturbance weighting factéy , SR=10,

XXI



Figure FFF (Fig. 10 in Chapter 6) Chart for estim@atisturbance weighting factdp (m=5, 15,

XXII



XXII



List of Symbols

a Hoek-Brown input parameter for the rock mass
c Cohesion

D Disturbance factor

Ei Deformation modulus of the intact rock

Em Deformation modulus of the rock mass

fs Boundary weighting factor
o Disturbance weighting factor
fa Slope angle weighting factor

H Slope height

m, Hoek-Brown input parameter for the rock mass
m Hoek-Brown constant for the intact rock

mi»  Normalizedm; for the Hoek-Brown criterion
Me Constant for calculatingy,

my Constant for calculatingy,

S Hoek-Brown input parameter for the rock mass
£ Slope angle

@ Angle of friction

y Unit weight of the rock mass

vV Poisson’s ratio

o1 Major principal stress

03 Minor principal stress

aci Uniaxial compressive strength of the intact rock

XXIV



On Normal stress
ot Tensile strength of the intact rock

T Shear stress

XXV



	TITLE: Analytical and Numerical Analyses for Rock Slope Stability Using the Generalized Hoek-Brown Criterion
	Statement of Originality
	Acknowledgments
	Introduction
	List of contents
	List of Tables
	List of Figures
	List of Symbols




