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RESUMEN

Una de las necesidades mas apremiantes de la industria minera es la de maximizar el
volumen de mineral explotable y al mismo tiempo realizar el proceso de extraccion
de manera segura y estable. En el caso de canteras, el volumen de mineral explotado
se maximiza al aumentar la altura del talud. El desafio es, por lo tanto, el de

determinar alturas seguras de taludes y al mismo tiempo econdmicamente aceptables.

El presente trabajo explora una metodologia de trabajo para evaluar un macizo rocoso
utilizando sistemas que tradicionalmente han demostrado validez v congruencia entre
la teoria y la practica, como es el caso de los sistemas de evaluacion de macizos

rocosos de Bieniawski y de Romana, este ultimo aplicado a taludes especialmente.

Basado en los resultados obtenidos de los sistemas de evaluacion de macizos rocosos
antes mencionados, se realiza el calculo del factor de seguridad utilizando un método
sencillo basado en graficos propuestos por un equipo de investigadores australianos,

aplicado al caso de analisis de esta Tesina.
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INTRODUCCION

El presente trabajo tiene por objetivo realizar una evaluacion de un macizo rocoso
utilizando los métodos de evaluacion de campo RMR de Bieniawski y SMR de
Romana, puesto que ofrecen la comodidad de ser métodos visuales y que no incurren
en significativos gasto para el analisis de la roca in situ; también estos métodos.
particularmente el RMR, han resistido la imbatible prueba del tiempo al ofrecer
resultados teoricos que han sido aplicados v corroborados en el campo con excelentes

resultados.

En esta Tesina se introduce el trabajo realizado por Li, Merifield, y Lyamin, los dos
primeros investigadores de University of Western Australia, y el ultimo de University
of New Castle — Australia. En su trabajo estos investigadores han realizado una serie
de graficos que sirven para realizar el analisis de estabilidad de taludes basados en las
premisas de Hoek y Brown: estos graficos simplifican en gran medida la laboriosa
actividad de calculo manual de estabilidad en macizos rocosos cuando no se dispone

de programas informaticos que puedan hacerlo.

Finalmente, y como parte medular de este trabajo, se ha realizado el calculo del factor
de seguridad para taludes de las areas mineras en cuestion. Puesto que las condiciones
de la calidad del macizo rocoso cambian a lo largo de la cantera de andesita se ha
realizado un analisis de algunos escenarios en donde se ha variado ciertos parametros

geotécnicos y observado el comportamiento de los resultados. Con esta informacion



en mano se ha graficado algunas curvas de factor de seguridad para la cantera, las
mismas que se podran utilizar para seleccionar una altura de banco de explotacion

seguro y al mismo tiempo econdomicamente factible para el proyecto minero.



CAPITULO 1

Descripcion geologico — geomecanica basica y ubicacion del drea de interés

Las areas mineras “Victoria I™ y “Victoria II"" se encuentran emplazadas entre las
formaciones “Yunguilla” y “Biblian”. La formacién “Yunguilla” tiene una
inclinacion hacia el occidente con afloramientos de 150 m a la altura del Tahual, aqui
su litologia es conformada por argilitas que pasan a arcillas. Su silicificacion conlleva
laminas carbonatadas. La formacion “Biblian™ tiene una potencia aproximada de 200
m. El macizo rocosa se encuentra muy fracturado presentando formacion laminar y
columnar. Esta formacion descansa sobre la formacion “Yunguilla™. La conformacion

del cerro “Tahual™ comprende tobas andesiticas, y es sobre esta formacion donde se

desarrollan las actividades mineras.

En general la andesita de esta zona ofrece una resistencia a la compresion de 98 Mega
Pascal vy un peso especifico en seco de 2.5 toneladas por metro cibico, porosidad
0.2%. Estas caracteristicas la vuelven apta para el uso como agregado para hormigon

que es proposito para el cual es usado actualmente.
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CAPITULO 11

Metodologia propuesta para valorar un macizo rocoso geotécnicamente

anisotropico usando el sistema RMR y SMR

En la teoria, los sistemas de evaluacion RMR de Bieniawski y SMR de Romana
exigen realizar observaciones de ciertos rasgos particulares del macizo rocoso en
zonas donde exista cierto grado de isotropia geotécnica: incluso, para ciertos
parametros de evaluacion, se requiere realizar observaciones puntuales dentro del
area de 1 metro cuadrado estandar dentro del cuerpo del macizo. Naturalmente en la
practica es muy dificil identificar y establecer con exactitud una sola zona con
caracteristicas geotécnicas similares, mas aun cuando un mismo macizo rocoso puede
estar formado por un conjunto de zonas con diferentes grados de meteorizacion,
fracturacion, orientacion de diaclasas, etc., que vuelven al macizo geotécnicamente

anisotropico.

El caso del macizo rocoso de las areas mineras “Victoria I” y “Victoria II”
corresponde a un macizo altamente anisotropico. lo que imposibilita realizar una
evaluacion en una sola zona del macizo para luego extrapolar los resultados de este

analisis para todo el cuerpo rocoso.



Para resolver este inconveniente se ha desarrollado la siguiente metodologia de

campo para realizar una evaluacion de un macizo rocoso geotécnicamente

anisotropico:

(W]

('S

Reconocimiento global del area de estudio.- con esto se pudo determinar el
aspecto general del macizo rocoso y obtener una primera idea de su calidad y

posible comportamiento geotécnico: roturas planares, en cufa, etc.

Division del drea de estudio en zonas de valoracion.- para esto se procedio a
identificar zonas dentro del area de estudio que tuvieran caracteristicas
similares vy preferentemente continuas, es decir, zonas donde las
discontinuidades en las rocas tuvieran rumbos y buzamientos similares, el

grado de meteorizacion sea aproximadamente homogéneo., etc. Estas zonas

pueden considerarse como zonas de familias de discontinuidades similares.

Medicion de rumbos y buzamiento de las discontinuidades.- utilizando el

método clasico de mediciones con brijula

Medicion del espaciamiento entre discontinuidades.- para esto se considerd
un espaciamiento promedio entre una discontinuidad y la siguiente

observadas en la zona de valoracion.



16

Conteo de discontinuidades en 1 metro cuadrado.- este conteo del nimero de
discontinuidades es necesario para la estimacion del RQD de correlacion: se
selecciond un area representativa dentro de la zona de valoracion y se realizo

el conteo por observacion visual.

Analisis del las condiciones de las discontinuidades.- esto implica un
reconocimiento del ancho de las grietas entre discontinuidades, material de
relleno presente en las grietas, evidencia de meteorizacion, rugosidad de la

grieta, etc.

Identificacion de presencia de agua.- para esto se consideraron las
condiciones de humedad que se observaron al momento de la visita de campo;
ademas, se considero hasta qué punto la topogratia y suelo de la zona podria

favorecer la conductividad hidraulica por escorrentia y filtracion.



Recopilacion de informaciéon de campo

CAPITULO 111

17

Poniendo en practica la metodologia descrita en el numeral anterior, se procedio a

realizar un reconocimiento del area de interés a evaluar, y se lo dividié en 3 zonas que

ofrecian caracteristicas isotropicas regulares; si se necesitara realizar una evaluacion

similar en otra area se tendria nada mas que dividirla en el numero de zonas que

resultaren necesarias para realizar observaciones de campo apropiadas.

A continuacion se presenta los resultados obtenidos de las observaciones de campo:

Zona Rumbo
1 N 55 W
2 N30 W
3 S20E

Buzamiento

N35W

ST0E

s8ow

TABLA 1. INFORMACION RECOPILADA EN CAMPO

Espaciado entre
discontinuidades

35cm

15cm

30 cm

Numero de
discontinuidades
por m?

7 horizontales
5 verticales
TOTAL: 12

16 horizontales
10 verticales
TOTAL: 26

4 horizontales
2 verticales
TOTAL: 6

Condicion de las
discontinuidades

Grietas
ligeramente
rugosas. Paredes
altamente
meteorizadas.

Grietas pulidas ,
con separacion de
entre 1a 5 mm

Grietas
ligeramente
rugosas. Paredes
altamente
meteorizadas.

Presencia
de Agua

Humedo

Humedo

Humedo



CAPITULO 1V

Procesamiento de la informacion de campo y calculos requeridos por los

sistemas RMR y SMR

4.1 Sistema de evaluacion RMR de Bieniawski

Como se ha mencionado repetidamente en este trabajo, se pretende hacer una
valoracion de la calidad del macizo rocoso utilizando el método RMR (Rock Mass
Rating) desarrollado por Bieniawski (1972-'73). Este método tiene la gran
particularidad de haber resistido la prueba del tiempo en cuanto a la precision y
calidad de los resultados que ofrece. Los parametros que se consideran para este

método son:

- Resistencia a la compresion uniaxial de la roca intacta, expresado en MPa.
- RQD (Rock Quality Designation)

- Espaciamiento entre discontinuidades

- Condiciones de las discontinuidades (estado de las grietas)

Presencia de agua

Con excepcion del RQD, todos los demas parametros son datos recolectados en el
campo. La estimacion del RQD de correlacion se obtiene utilizando la ecuacion

propuesta por Palmstrém (1982):
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ROD =115 -3.3(Jv)
donde Jv es el nimero de discontinuidades por metro cuadrado. dato que se puede

apreciar en la Tabla 1. En la siguiente Tabla se presentan los resultados de la

estimacion del RQD de correlacion para cada una de las zonas de estudio:

TABLA 2. ESTIMACION DEL RQD DE CORRELACION

Zona 1 75.4%
Zona 2 29.2%
Zona 3 952%

Con el valor del RQD de correlacion calculado en la Tabla 2, es posible realizar la
valoracion utilizando el método de valoracion RMR de Bieniawski, como se puede

apreciar en la tabla a continuacidn, en la siguiente pagina:
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TABLA 3. VALORACION RMR DE BIENIAWSKI

PARAMETRO VALOR RESULTADO

Resistencia de la Roca Intacta (MPa) 12

RQD (%) 17 Puntaje Total: 69
ZONA1 Espaciado de la discontinuidades (cm) 10 Wpae Ropes

Condicién de las discontinuidades 20 Descripcion: Buena

Presencia de agua 10

Resistencia de la Roca Intacta (MPa) 12

RQD (%) 8 Puntaje Total: 48
ZONA 2 Espaciado de la discontinuidades (cm) 8 Tipo de Roca: 3

Condicién de las discontinuidades 10 Descripcion: Regular

Presencia de agua 10

Resistencia de la Roca Intacta (MPa) 12

RQD (%) 20 Puntaje Total: 72
ZONA 3 Espaciado de la discontinuidades (cm) 10 Tipo de Roca: 2

Condicién de las discontinuidades 20 Descripcion: Buena

Presencia de agua 10

Los resultados presentados en la Tabla 3 reflejan solamente la valoracion RMR
basica. sin considerar los factores de ajuste para taludes que se necesitan realizar y

que dependen del rumbo y buzamiento de las discontinuidades.



4.2 Sistema de evaluacion SMR de Romana

Este sistema de evaluacion disefiado por Romana en 1995 introduce un conjunto de
factores de analisis para adaptar el sistema de evaluacion de Bieniawski a la
evaluacion de la calidad del macizo rocoso en taludes. Los parametros considerados

por Romana son:

- F1: relacion entre el rumbo del talud (a;) v el rumbo de las discontinuidades (a,)

- F2: dependiente del buzamiento de la discontinuidades (b;). suponiendo rotura
planar

- F3: relacion entre el buzamiento del talud (b;) y el buzamiento de las
discontinuidades (b,)

- F4: factor empirico dependiente del método de excavacion empleado

Asi, la ecuacion para realizar la valoracion de taludes, segin Romana es:

SMR = RMR + (FI x F2x F3) + F4

[La informacidn sobre rumbos y buzamientos de las zonas de valoracion se encuentran

en la Tabla 1. Con esta informacion se ha elaborado la siguiente tabla para obtener los

valores de los factores de ajuste y el calculo final del SMR para cada zona:
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TABLA 4. VALORACION SMR DE ROMANA

ZONA1

ZONA 2

ZONA3

FACTOR DE AJUSTE

Flas- a,: 30°
Favorable

F2: b, : 35°
Regular

F3: b - b -48°
Muy desfavorable

F4: Voladura ordinaria

Flas— g : 55°
Muy favorable

F2: b, : 30°
Muy favorable

F3: b,—bs: 0°
Regular

F4: Voladura ordinaria

Flas- a . 5°
Desfavorable

F2: b, : 80°
Muy desfavorable

F3: b, - bs:-3°
Regular

F4: Voladura ordinaria

VALOR

0.40

0.70

0.15

-25

0.85

1.00

-25

RESULTADO

SMR =69-16.8 +8 =60.2
Nuevo tipo de roca: 3

Descripcion: Regular

Estabilidad: Parcial

SMR =48 -0.56 +8 = 55.44
Nuevo tipo de roca: 3

Descripcion: Regular

Estabilidad: Parcial

SMR =72 -23.15 +8 = 56.85
Nuevo tipo de roca: 3

Descripcion: Regular

Estabilidad: Parcial
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CAPITULO V

Determinacion de la altura 6ptima de banco para talud usando el método de

calculo del factor de seguridad de Li, Merifield, y Lyamin

5.1 Factor de seguridad

El factor de seguridad para taludes es una cifra adimensional que establece la relacion
existente entre las fuerzas que se oponen al deslizamiento frente a las fuerzas que
favorecen el deslizamiento, desprendiéndose de esto que si el factor de seguridad es

mayor a 1 el talud es estable.

S FS ¥ fuerzas opuestas al deslizamiento
nroy = T ) .
L fuerzas a favor del desplazamiento
Si FS < [ entonces talud inestable

Si FS > [ entonces talud estable

Sin embargo, es necesario realizar una observacion al respecto de esto ultimo. El
simple hecho de que el factor de seguridad sea ligeramente mayor a 1 y por ende se
afirme que un talud es estable supone que las condiciones estaticas del talud son
inalterables y constantes en el tiempo. En la practica, en cualquier momento podria
haber un cambio en el estado tensional — estatico del macizo rocoso y podrian
entonces aparecer nuevas fuerzas que favorezcan el deslizamiento. Por lo tanto, es
necesario que el factor de seguridad sea mucho mayor a 1 para tener un margen de

seguridad mas amplio.



5.2 Cilculo de Factor de Seguridad utilizando el método de Li, Merifield, ¥
Lyamin

La contribucion realizada por Li, Merifield, y Lyamin resulta de la necesidad de
tablas v curvas de estabilidad para macizos rocosos que permitan realizar
estimaciones sencillas y correctas, sin necesidad de realizar extensas pruebas
geomecanicas de rocas en laboratorio y sin utilizar matematicas demasiado
complejas. La tnica limitacion de este trabajo es que parte de una altura de talud fija

y luego determina el factor de seguridad.

El fundamento para este método de analisis esta basado en el criterio de falla de Hoek
— Brown que esta apoyado en un sistema de clasificacion denominado indice de
Resistencia Geologica o GSI (Geological Stregnth Index); este sistema de
clasificacion, que se introdujo para macizos rocoso altamente fracturados, resulta
equivalente con el sistema de evaluacion de Bieniawsky y ha sido una valiosa
herramienta de ingenieria para estimacion de resistencia y estabilidad de macizos

rocosos.

[Los parametros que considera para el analisis son:

- 0. resistencia a la compresion uniaxial de la roca intacta

- f3: angulo del talud (parametro variable, iterativo, de maximo 75°)

- H: altura del talud (parametro variable, iterativo)

- GSI: indice de resistencia geologica (grado de fracturacion de la roca,
calificado sobre 100)

- m, parametro de cesion de la roca intacta

- y: peso especifico de la roca

- N: factor de estabilidad adimensional



De esta manera se pudo establecer una relacién numérica inicial para determinar el

factor de seguridad, y que obedece a la siguiente ecuacion:

a

o

ila

También se desarrollaron una serie de graficos que permiten obtener el valor de N

utilizando una relacion entre el valor del parametro de cesion de la roca intacta m,, y

el valor de GSI. Se presenta a continuacion el grafico utilizado para este caso de

estudio:
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Grdfico 1.- Relacion entre GSIy m, para obtencion del valor N



5.3 Aplicacion al caso de estudio
El siguiente ejemplo se ha desarrollado para el caso de la cantera de andesita en las
areas mineras “Victoria I y “Victoria 11”7, donde se desea maximizar el angulo y

altura del talud para aumentar el volumen de mineral explotable.

Los datos disponibles para calculo son:

o.: 98 MPa

- f: 75° tomado para maximizar volumen posible de minado

- H:1 metro, como base para modificacion posterior

- GSI: 30, correspondiente a un macizo muy fracturado en bloques
- m;: 19

y: 27 KN/m”

Si por un momento se considera la condicion ideal de equilibrio estatico entre las
fuerzas que actuan en el macizo rocoso, se podria asumir que F=I. Asi, el valor

equivalente de N' para un bloque de roca intacto en condiciones ideales seria:

G, 98000

<l

— = = 3629,63
yH  27x1

Sin embargo. del Grafico 1 presentado en la seccion anterior, se establece el valor de

N basado en el GSI y el m,.
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Asi, el primer valor obtenido para N es igual a 7. Sustituyendo este valor en la

ecuacion original para Ny despejando el valor del factor de seguridad F se tiene que:

o, 98000
yHN — 27x1x7

= §18.72
Es importante recordar que el parametro variable para este caso es la altura: se desea
determinar la altura maxima posible para el talud y que se encuentre al mismo tiempo

dentro de un rango de seguridad determinado por F.



Lo que se propone ahora es establecer un valor limite inferior / de tal manera que se
pueda concluir que la altura de talud / que generd ese valor de / es una altura de
talud segura; no se puede considerar el valor de "=/ pues esto significaria que la
condicion de equilibrio estitico es el ideal y que la mas minima variacion de algun
factor de estabilidad podria provocar un deslizamiento. Asi el valor minimo de F se
propone que sea de 50, es decir, que las fuerzas que favorecerian el deslizamiento en
un momento dado tendrian que ser 50 veces mas grandes que las fuerzas que generan

estabilidad.

Por lo tanto, se realizaran a continuacion una serie de calculos iterativos sencillos
donde H es la variable independiente y F es la variable dependiente, con la
particularidad de que mientras el valor de F no est¢ por debajo de un limite

establecido entonces los valores de / son aceptables.
[.a ecuacion sobre la cual ser realizara las iteraciones es:

(o2

 yHN

Para valores de H: 1, 2.3...n, tal que F = 50; y: 27 KN/m*; N=7; .. 98 MPa

Iteracion 0 — H=1:

FoCa _ 98000 57870
yHN 27 xIx7



Iteracion 1 — H = 2:

(
Fo O _ 9850010 — 35926
yHN 27x2x7

Iteracion 2 — H = 3:

o, 98000

=—< = —=]72.84
YHN  27x3x7
[teracion 3 — H = 4:
oo Ou _ 98000 _ .o
YHN 27 x4x7
Iteracion 4 — H = 5:
LWL
yHN  27x3x7
Iteracion 5 — H=6:
oo Oa _ 98000 _ o0,
yHN ~ 27x6x7
[teracion 6 — H=T7:
()
Fo 98000 407

T YHN  27x7x7
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[teracion 7 — H = 8:

o, _ 98000

= = =64.81
yHN 27 x8x7
[teracion 8 — H=9:
F = O = 98000 =5 7.61
yHN — 27x9x7
[teracion 9 — H = 10:
9
Frofa  F000  _ opps
yHN ~ 27x10x7
[teracion 10 — H=11:
98000
LT =474

Fis =
yHN ~ 27x11x7

Segun lo propuesto anteriormente, se descarta la Iteracion 10, pues el valor de /" es
47.14 y por lo tanto menor a 50. Por lo tanto se considera los resultados obtenidos en
la Iteracion 9 donde el valor de F es de 51.85 generado por H de 10 metros. De esto
se desprende que para las condiciones presentadas en este numeral la altura de talud

apropiada es de 10 metros.

A continuacion se presenta la curva de relacion entre el valor de F'y el valor de H que

se desprende de las iteraciones antes presentadas:
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Factor de Seguridad (>50) vs. Altura de Banco para macizo con
GSI 30 (Muy fracturado en bloques)

550 -
500 ‘ 51852
450 ¢
400 -
350 -
300 -
250 -
200 - N s
A

25926
A

Factor de Seguridad

150 4 12983
A

10370
100 - T 8642 7407

3
T S
50 - * ——h—————4

1 2 3 4 5 6 7 8 g 10 11
Altura (m)

Grifico 2.- Relacion entre los valores del Factor de Seguridad (F) y Altura (H) para un macizo con

GS1 30

Sin embargo. es necesario recordar que un macizo rocoso no tiene comportamiento
isotropico en toda su extension y podrian existir variaciones en sus caracteristicas
geotécnicas y geologicas. Por lo tanto es necesario realizar un andlisis posterior en
donde las variaciones estaran determinadas por el parametro de cesion de la roca

intacta m, y por el Indice de Resistencia Geologica GSI:

De las observaciones realizadas en el campo se ha establecido que el valor de m,
podria variar de entre 10, 15 y 19, y que el valor de GS/ estaria entre 20 y 60,
dependiendo del grado de fracturacion de la roca. Los datos tabulados se muestran en

las siguientes paginas.

También se ofrece un grafico que muestra la relacion entre el valor de /'y de H si en

la GSI
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TABLA 5.- ALTURAS DE BANCO SEGURAS DEPENDIENTES DE VARIACIONES EN mi Y GSI/

FACTOR DE SEGURIDAD PARA GSI: ' FACTOR DE SEGURIDAD PARA GSl:



33

Altura de
banco 60 50 40 30 20

1 2016.46 1296.30 88528 51852 24198 172840 1170.85 72593 417.20 18148 1578.1 930.67 .558,40 329.977 1757.81

2 1008.23 64815 44264 25926 12099 86420 58542 362.96 20860 9074 78905 46534 27920 164.98 7890
3 67215 43210 29500 172.84 8066 57613 39028 24198 139.07 6049 52603 31022 186.13 109.99 5260
4 50412 32407 22132 12963 6049 43210 29271 181.48 10430 4537 39452 23267 13960 8249
5 40329 25926 177.06 103.70 4840 34568 23417 14519 8344 3630 31562 18613 11168 6599
6 336.08 21605 14755 86.42 4033 28807 19514 12099 6953 30256 26302 15511 9307 5499
7 28807 18519 126.47 7407 3457 24691 167.26 103.70 5960 2583 22544 13295 79.77

8 26206 162.04 11066 6481 3025 21605 14636 9074 5215 2269 197.26 11633 69.80

9 22405 14403 9836 5761 26.89 19204 13009 8066 4636 20.16 17534 10341 6204

10 20165 12963 8853 5185 2420 17284 117.08 7259 4172 1815 15781 9307 5584

11 18331 117.85 8048 4714 2200 15713 10644 6599 3793 1650 14346 8461 5076

12 168.04 108.02 7377 4321 2016 14403 9757 6049 3477 1512 13151 7756

13 155.11 9972 6810 3989 1861 13295 9007 5584 3209 1396 12139 7159

14 14403 9259 6323 37.04 1728 12346 8363 5185 2980 1296 11272 6648

15 13443 8642 5902 3457 1613 11523 78.06 4840 27.81 1210 10521 6204

16 126.03 8102 5533 3241 1512 10802 7318 4537 2607 11.34 9863 5817

17 11862 7625 5208 3050 1423 10167 6887 4270 2454 1068 92.83

18 112.03 7202 4918 2881 1344 9602 6505 4033 2318 10.08 87.67

19 106.13 6823 4659 2729 1274 9097 6162 3821 2196 955 83.06

20 10082 6481 4426 2593 1210 8642 5854 3630 2086 9.07 78.90

21 96.02 6173 4216 2469 1152 8230 5575 3457 1987 864 75.15

22 9166 5892 4024 2357 1100 7856 5322 3300 1896 825 71.73

23 87 67 5636 3849 2254 1052 7515 5091 3156 1814 789 68.61

24 84 .02 5401 36.89 2160 1008 7202 4879 3025 1738 756 65.75

25 80.66 5185 3541 2074 968 6914 4683 2904 1669 726 63.12

26 7756 4986 3405 1994 931 6648 4503 2792 1605 6.98 60.70

27 7468 4801 3279 1920 896 6401 4336 2689 1545 6.72 58.45

28 7202 4630 3162 1852 864 6173 4182 2593 1490 648 56.36

29 6953 4470 3053 1788 834 5960 4037 2503 1439 626 54 42

30 6722 4321 2951 1728 B8.07 5761 39.03 2420 1391 6.05 52.60

31 6505 4182 2856 1673 7.81 5575 3777 2342 1346 585 50.91

32 63.01 4051 2766 1620 756 54.01 3659 2269 13.04 567
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34
35
36
37
38
39
40
41
42
43

61.10
59.31
57.61
56.01
54.50
53.06
51.70
50.41
49.18
48.01
46.89

39.28
38.13
37.04
36.01
35.04
3411
33.24
32.41
31.62
30.86
30.15

26.83
26.04
2529
2459
23.93
23.30
22.70
2213
21.59
21.08
20.59

15.71
15.25
14.81
14.40
14.01
13.65
13.30
12.96
12.65
12.35
12.06

7.33
7.12
6.91
6.72

6.54
637

6.20
6.05
5.90
5.76
563

52.38
50.84
49.38
48.01

4871

44.32
43.21
4216
41.15
40.20

27. 88

22.00
21.35

20.74

18.61
18.15
17.71
17.28
16.88

12.64
12.27
11.92
11.59

62 1128

10.98
10.70
10.43
10.18
9.93
9.70

5.50
5.34
519
5.04
4.90
4.78
465
4.54
443
4.32
422

34

Nota: los valores coloreados corresponden a factores de seguridad inferiores a 50 y relacionados a alturas de banco no seguras
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CONCLUSIONES Y RECOMENDACIONES

De lo expuesto en la presente tesina es posible concluir que:

]

J

La metodologia de evaluacion de campo propuesta ofrece una forma ordenada
para obtener informacién in situ que luego puede ser procesada para fines

posteriores.

Existe una correlacion logica-empirica entre los resultados que ofrece la
evaluacion del macizo rocoso con los sistemas de Bieniawski y Romana y las
aproximaciones grafico-numéricas para determinacion del Factor de
Seguridad de Li, Merrifield y Lyman: el primer sistema de evaluacion ofrece
resultados cualitativos del macizo rocoso en términos de “muy malo, malo,
regular, bueno, muy bueno™ que logicamente dan una base empirica para los

resultados grafico-numeéricos del factor de seguridad.

Dada la correlacion anteriormente descrita, es valido aseverar que ambos
sistemas son mutuamente complementarios v por lo tanto esenciales al
momento de determinar una altura segura de talud utilizando la metodologia

propuesta en esta tesina.

Los resultados finales obtenidos en la Tabla 5 , donde se ha variado el valor
de m,, y el GSI, ofrecen la versatilidad de proporcionar de manera rapida y
segura una altura de banco apropiada para minado en cualquier momento en
que, luego de una inspeccion visual, se determine que las condiciones de la

roca en determinada zona del macizo han variado.
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ABSTRACT

This paper uses numerical limit analysis to produce stability charts for rock slopes.
These charts have been produced using the most recent version of the Hoek-Brown
failure criterion. The applicability of this criterion is suited to isotropic and
homogencous intact rock or heavily jointed rock masses. The rigorous limit analysis
results were found to bracket the true slope stability number to within * 99 or better
and the difference in safety factor between bound solutions and limit equilibrium
analyses using the same Hoek-Brown failure criterion is less than 4%. The accuracy of
using equivalent Mohr-Coulomb parameters to estimate the stability number has also
been investigated. For steep slopes, it was found using equivalent parameters produces
poor estimates of safety factors and predictions of failure surface shapes. The reason for
this lies in how these equivalent parameters are estimated, which is largely to do with
estimating a suitable minor principal stress range. In order to obtain better equivalent
parameter solutions, this paper proposes new equations for estimating the minor
principal stress for steep and gentle slopes which can be used to determine equivalent
Mohr-Coulomb parameters.

Keywords: Safety factor; Limit analysis; Rock; Slope stability; Failure criterion

1. Introduction

Predicting the stability of rock slopes is a classical problem for geotechnical engineers
and also plays an important role when designing for dams, roads, tunnel and other
engineering structures. Many researchers have focused on assessing the stability of rock
slope [1-3]. However, the problem of rock slopes still presents a significant challenge to
designers.

Stability charts for soil slopes were first produced by Taylor [4] and they continue to be

used extensively as design tools and draw the attention of many investigators [1, 5].
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Unfortunately, there are no such stability charts for rock slopes in the literature that are
based on rock mass strength criteria. Although the stability charts proposed by Hoek
and Bray [1] for Mohr-Coulomb material can be applied to rock or rockfill slopes, this
requires knowledge of the equivalent Mohr-Coulomb cohesion and friction for the rock
mass. Unfortunately, the strength of rock masses is notoriously difficult to assess.
Nonetheless, many criteria have been proposed for estimating rock strength [6-10].
Currently, one widely accepted approach to estimating rock mass strength is the Hoek-
Brown failure criterion [6, 11]. However, since most geotechnical software uses the
Mohr-Coulomb failure criterion, stability chart solutions based on the Hoek-Brown

yield criterion do not appear in the literature.

Generally speaking, rock masses are inhomogencous, discontinuous media composed of
rock material and naturally occurring discontinuities such as joints, fractures and
bedding planes. These features make any analysis very difficult using simple theoretical
solutions, like the limit equilibrium method. Moreover, without including special
interface or joint elements, the displacement finite element method isn’t suitable for
analysing rock masses with fractures and discontinuities. Fortunately, the upper and
lower bound formulations developed by Lyamin and Sloan [12, 13] and Krabbenhoft et
al. [14] are ideally suited to modelling jointed or fissured materials because
discontinuities exist inherently throughout the mesh. This feature was recently exploited
by Sutcliffe et al. [15] and Merifield et al. [16] for predicting the bearing capacity of
jointed rocks.

The purpose of this paper is to take advantage of the limit theorems ability to bracket
the actual stability number of rock slopes. Both of the upper and lower bounds are
employed to provide this set of stability charts. These solutions are obtained from

numerical techniques developed by Lyamin and Sloan [12, 13] and Krabbenhoft et al.



[14] where the well-known Hoek-Brown yield criterion has been incorporated into limit

analysis as presented by Merifield et al. [16].

As a means of comparison, the limit equilibrium method will then be used in
conjunction with equivalent Mohr-Coulomb parameters for the rock and compared with
the solutions obtained from the numerical limit analysis approaches. This will enable
the validity of using equivalent Mohr-Coulomb parameters for rock slope calculations

to be investigated.

2. Previous studies

The stability of rock slopes has attracted the attention of researchers for decades. In
order to deal with the complications of rock slope failure mechanisms, Goodman and
Kieffer [17] and Jaeger [18] outlined several simple methods and their limitations for
estimating strength and stability of rock slopes. Due to the advancement of various
computational techniques, our ability to more accurately evaluate rock slope stability
and interpret the likely failure mechanisms has improved [19]. Buhan et al. [20] found
that the final results of a stability analysis may be influenced by scale-effect of rock
masses. Sonmez ct al. [21] utilised back analysis of slope failures to obtain rock slope
strength parameters. In their study, the applicability of rock mass classification, and a
practical procedure of estimating the mobilised shear strength based on the Hoek-Brown
yield criterion were explained. Previous investigations [22-25] of progressive failures
and/or safety factor assessment of rock slopes have used a range of numerical methods.
These include the continuum methods (finite element method and the finite difference
method), the discontinuum methods (distinct element and discontinuous deformation
analysis), and finite-/discrete-clement codes. In addition, the probabilistic analytical
method is employed by Yarahmadi Bafghi and Verdel [26] and Hack et al. [27] to find

the rock slope potential failure key-group and estimate the probability of failure. It



should be acknowledged that the Slope Stability Probability Classification proposed by
Hack et al. [27] does not require cohesion and friction as input. Yang et al. [28-30]
adopt tangential strength parameters (¢ and ¢ ) from the Hoek-Brown failure criterion
in an upper bound analysis to obtain the optimised height of a slope. As far as the
authors are aware, the studies of Yang et al. [28-30] represent the only attempt at
providing slope stability factors for estimating rock slope stability.

Currently, practising engineers typically use a number of stability charts when
attempting to predict the stability of rock slopes: (1) Hoek—Bray [1] charts can be used
for rock and rockfill slopes; (2) Zanbak [31] proposed a set of stability charts for rock
slopes susceptible to toppling: (3) Stability charts presented by Siad [32] based on the
upper bound approach that can be used for rock slopes with earthquake effects.
However, these three sets of design charts require conventional Mohr-Coulomb soil
parameters, cohesion ( ¢ ) and friction angle (¢ ), as input. From a review of literature,
the authors are not aware of any slope stability chart solutions based on the native form
of the Hoek-Brown failure criterion that require Hoek-Brown material parameters as
input. This paper is concerned with providing a set of stability charts for rock slopes
based on the Hoek-Brown failure criterion that can be used by practising engineers to
rapidly assess the preliminary stability of rock slopes.

3. The generalised Hoek-Brown failure criterion

3.1 Applicability

Practitioners are often required to predict the strength of large-scale rock masses for
design. Fortunately, Hoek and Brown [6] proposed an empirical failure criterion which
developed through curve-fitting of triaxial test data suited for intact rock and jointed
rock masses. The criterion is based on a classification system called the Geological

Strength Index ( GS/). The Hoek-Brown criterion is one of the few nonlinear criteria



widely accepted and used by engineers to estimate the strength of a rock mass.
Therefore, it is appropriate to use this criterion when assessing the stability of istopic
rock slopes in this study.

The GSI classification system is based upon the assumption that the rock mass contains
sufficient number of ‘‘randomly’” oriented discontinuities such that it behaves as an
isotropic mass. In other words, the behaviour of the rock mass is independent of the
direction of the applied loads. Therefore, it is clear that the GSI system should not be
applied to those rock masses in which there 1s a clearly defined dominant structural
orientation that will lead to highly anisotropic mechanical behaviour. In addition, it 1s
also inappropriate to assign GS/ values to excavated faces in strong hard rock with a
few discontinuities spaced at distances of similar magnitude to the dimensions of slope
under consideration. In such cases the stability of the slope will be controlled by the
three-dimensional geometry of the intersecting discontinuities and the free faces created

by the excavation.

In line with the above discussion, it is important to realise the stability charts presented
in this paper will be subject to the same limitations that underpin the Hoek-Brown yield
criterion itself. An excellent overview of the applicability and limitations of the G5/

system can be found in Marinos et al [33].

An explanation for the applicability of Hoek-Brown criterion when applied to rock
slopes is displayed in Fig. 1. After Hoek [34], for the same rock properties throughout
the slope, rock masses can be classified into three structural groups, namely GROUP I,
GROUP 11, and GROUP III. Fig | shows the transition from an isotropic intact rock
(GROUP 1), through a highly anisotropic rock mass (GROUP II), to a heavily jointed
rock mass (GROUP I1I). In this paper the rock slope has been assumed as either (1)

intact or; (2) heavily jointed so that, on the scale of the problem, it can be regarded as an



isotropic assembly of interlocking particles. In the case of intact rock (GROUP 1), it
should be noted that the failure mechanism of intact rock may be brittle rather than

plastic so the theories of plasticity may not be appropriate.
3.2 Numerical implementation

The upper bound and lower bound methods developed by Lyamin and Sloan [12, 13]
and Krabbenhoft et al. [14] can deal with a wide range of yield criteria, however on
deviatoric planes the surfaces of those criteria must be convex and smooth. The Hock-
Brown yield surface has apex and corner singularities in stress space, and therefore
numerical smoothing is required to avoid singularities. Details of the implementation of
the Hoek-Brown criterion into the numerical limit analysis formulations can be found in
Merifield et al. [16] and will not be repeated here. In this study, the latest version of
Hoek-Brown failure criterion [11] is employed. The Hoek-Brown criterion was first
proposed in 1980 [6] and updated several times. The latest version used in this study is

given by the following equation.

. ‘ o, 3
o, =0,+0,,|my—=+s (1
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Where
GSI =100
=m exp| ———— 2
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a—u5+g(i -g ) (4)

The GSI was introduced because Bieniawski’s rock mass rating RMR system [35] and

the Q-system [36] were deemed to be unsuitable for poor rock masses. The GS/ ranges



from about 10, for extremely poor rock masses, to 100 for intact rock. The parameter D
is a factor that depends on the degree of disturbance. The suggested value of disturbance
factor is D = 0 for undisturbed in situ rock masses and D =1 for disturbed rock mass
properties. The magnitude of the disturbance factor is affected by blast damage and
stress relief due to overburden removal. For the analyses presented here, a value of

D =0 has been adopted.

The uniaxial compressive strength is obtained by setting o, = 0 in Eq. (1), giving

o =-—=4 (6)

3.3 Equivalent Mohr-Coulomb parameters

Since most geotechnical engineering software is still written in terms of the Mohr-
Coulomb failure criterion, it is necessary for practising engineers to determine
equivalent friction angles and cohesive strengths for each rock mass and stress range. In
the context of this paper, the solutions obtained by using equivalent Mohr-Coulomb
parameters can be compared directly with the solutions from using the native Hock-

Brown failure criterion.

Fig. 2 is an illustration of the Hoek-Brown criterion and equivalent Mohr-Coulomb
envelope. Because the equivalent Mohr-Coulomb envelope is a straight line, it can not
fit the Hoek-Brown curve completely. If we divide Fig. 2 into three zones, namely
REGION 1, REGION 2, and REGION 3, it can be seen that when rock stress
conditions fall in REGION 1 and REGION 3, using equivalent Mohr-Coulomb

parameters may overestimate the ultimate shear strength when compared to the Hoek-



Brown curve. Regarding the fitting process, more details can be found in Hoek et al.
[11] where the process involves balancing the arcas above and below the Mohr-
Coulomb plot over a range of minor principal stress values. This results in the following

equations for friction angle and cohesive strength:

&, [(l +2a)s+(l-a)m, o |(s+m, o)

(7)

C =

(l+a)(2+a)\," l+(6a m, (s+mh o-_;,,)a ) (l+a)(2+a)

. 6am, (.s‘+m,k £y,

¢ =sin” — (8)
_2(1+a](2+a]+6a’ m, (S+mh iy

where 0, =0, o .

It should be noted that the value of o,

3 max

has to be determined for each particular

problem. For slope stability problems, Hoek et al. [11] suggests o, can be estimated

by the following equation:

. ' =091
O’lﬁnn - 0_72 Uu‘m (9)
log yH

in which A is the height of the slope and » is the material unit weight. For the stress

range, o, < o, <o, /4, the compressive strength of the rock mass o, canbe

determined as:

- (m, +4s—a (m, —8s))(m, 4+s)""
o™ 2(1+a)(2+a) U8

4. Problem definition
A plane strain illustration of the slope stability problem is shown in Fig. 3 where the
jointed rock mass has an intact uniaxial compressive strength o, , geological strength

index GSI, intact rock yield parameter m, , and unit weight y . The rock weight y can



be estimated from core samples and o, and m, can be obtained from either triaxial test

results or from the tables proposed in Hoek [37]. Several approaches can be used to
evaluate GS/ as outlined by Hoek [37], which include using table solutions and
estimating by using the rock mass rating (RMR) [35]. Excavated slope and tunnel faces
are probably the most reliable source of information for GS/ estimates. Hoek and
Brown [38] also pointed out that GS/ can be adjusted to a smaller magnitude in order to
incorporate the effects of surface weathering. Greater detail on how to best estimate the
Hoek-Brown material parameters can be found in Hoek and Brown [38], Hoek [37] and
Wyllie and Mabh [3].

In this study, all the quantities are assumed constant throughout the slope. In the limit
analyses, for given slope geometry ( //, #) and rock mass (o, GSI, m,), the
optimized solutions of the upper bound and lower bound programs can be carried out
with respect to the unit weight ( 7 ). In this study, slope inclinations of

B =15,30",45,60 ,and 75 are analysed. The effect of depth factor (d/H ) was
found to be insignificant. With the exception of the case where 8 =15 | all analyses
indicated the primary failure mode was one where the slip line passed through the toe of

the slope (Toe failure). The dimensionless stability number is defined as Eq. (11).

N = —},‘;F (11)

where F is the safety factor of the slope.
5. Results and discussion of limit analyses
5.1 Limit analysis solutions

Figs. 4-8 present stability charts from the numerical upper and lower bound

formulations for angles of # =15 -75 for a range of GSI and m, . The stability
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number N was defined in Eq. (11). Referring to Fig. 4, it is apparent that the upper and
lower bound results bracket a narrow range of stability numbers N for G5/ =10, s0 an
average value from the bound solutions could be adopted for simplicity. In fact, it was
found that, for all the analyses performed, the range between upper and lower bound
stability numbers was always less than +5%. The only exception to this observation
occurs for the cases of =45 and low GSI values, where the range is around + 9 %.
Therefore, average values of the stability number N have been adopted and presented
unless stated otherwise. The parameter N can be seen to decrease as the value of GS/

Or m, increascs.

Figs. 9 and 10 show an alternative form of stability charts as a function of the slope
angle ( /). The users only need to estimate GS/ and m, for the rock mass, and then the

stability number can be estimated for a given slope angle. For the same rock slope
material, the differences in stability number between various slope angles can provide a

ratio of safety factor. For example, it can be found that decreasing slope angles from

f =15 to B=60 for GSI =80 can increase the factor of safety by more than 50%.

Referring to the above results, for any given rock mass (o, G5/, m,) and unit weight
of the material y, the obtained stability number can be used to determine the ultimate
height of cut slopes. In addition, the charts indicate that the stability number N
increases with increasing slope angle for a given GSI and m, .

Fig. 11 displays several of the observed upper bound plastic zones for different slope
angles in which H = 1. The depth of failure surface increases with the reduction of the
slope angle. But this variation can not be found when the slope angle 8 > 45 . Fora
given GSI, it was found that the depth of plastic zone is almost unchanged with

increasing m, .



5.2 Application example

The stability charts illustrated in Fig. 4-8 provide an efficient method to determine the
factor of safety ( £ ) for a rock slope. The following example is of a slope constructed in
a very poor quality rock mass. It has the following parameters: the slope angle f = 60,
the height of the slope H = 25m , the intact uniaxial compressive strength

o, = 20MPa, geological strength index GSI = 30, intact rock yield parameter m, =38,
and unit weight of rock mass y = 23kN/m’ . With this information, the safety factor

( F') of this rock slope can be obtained using the following procedure:

From the values of o,y and H , we can calculate a dimensionless parameter

o, /yH =20000/(23x25)=34.8.

InFig. 7, N=0o_/yHF = 4.

The factor of safety can be calculated as F =34.8/4=8.7.

6. Results and discussion of limit equilibrium analyses

In general, rock slope stability is more often analysed using the limit equilibrium
method and equivalent Mohr-Coulomb parameters as determined by Eq. (7) and Eq. (8).
With this being the case, an obvious question is how do the limit equilibrium results
using equivalent Mohr-Coulomb parameters compare to the limit analysis results using
the Hoek-Brown criterion. In order to make this comparison, the commercial limit
equilibrium software SLIDE [39] and Bishop’s simplified method [40] have been used.
The software SLIDE can perform a slope analysis using the Mohr-Coulomb yield or the
generalised Hoek-Brown criterion. When the Mohr-Coulomb criterion 1s used, the
cohesion (¢) and friction angle (@) are constant along any given slip surface and are
independent of the normal stress as expected. However, when the Hoek-Brown criterion

is selected, the software will calculate a set of instantaneous equivalent Mohr-Coulomb
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parameters when analysing the slope based on the normal stress at the base of each
individual slice. More details on how the parameters are actually calculated can be
found in Hoek [37]. Therefore the cohesion ( ¢ ) and the friction angle (¢ ) will vary
along any given slip surface. By calculating equivalent Mohr-Coulomb parameters in
this way, a more accurate representation of the curved nature of the Hoek-Brown
criterion in 7 -o, space is obtained. Referring to the Figs. 4-8, the triangular points
shown represent the stability numbers obtained from the limit equilibrium method based
on the Hoek-Brown strength parameters. It can be found that these points are
remarkably close to the average lines of the limit analysis solutions and most of them

locate between the upper and lower bound solutions.

For the given materials and geometrical properties of the slope, the finite element lower
bound analysis will provide the optimum unit weight ( » ) such that collapse has just
occurred (i.e. Factor of safety F =1). A critical non-dimensional parameter
(o./7H)._, can then be defined for the subsequent SLIDE analyses. In Table 1, the
safety factor (/1) and ( 2 ) are obtained using the Hoek-Brown criterion and the
Mohr-Coulomb criterion in SLIDE, respectively. Both of these analyses are based on
equivalent Mohr-Coulomb parameters with the only difference being how these

parameters are calculated (as discussed above).

The comparisons of the safety factors /', Fl and F2 are shown in Table 1 where the
largest difference between F and F1 and F and F2 are about 4% and 64%,
respectively. This shows that the results of SLIDE analyses using the Hoek-Brown
model compare well with the results of the lower bound limit analyses. In contrast the
results of SLIDE analyses using the Mohr-Coulomb model do not compare favourably
with the lower bound results. From Table 1, it can be found that using the Mohr-

Coulomb model may lead to significant overestimations of safety factors, particularly



for steep slopes. The average difference between F and F2 for =60 and S =75
was found to be 16.8% and 34.3% respectively. For all the cases, the average
overestimation is 12.8%. It should be stressed that, a high estimation of safety factor
will induce a non-conservative design. It was found that using the Hoek-Brown model
in SLIDE will produce a failure mechanism in good agreement with the upper bound
mechanism. The same could not be said when using the Mohr-Coulomb model. For

/3 =30, both of the two above models achieve similar failure surfaces which agree
well with the upper bound plastic zone. In almost all cases, a toe-failure mode was

observed, the only exception is the case of =15 (base-failure).

In order to determine the source of overestimations in factors of safety ( /°2) for steep
slopes, the stress conditions on each slice from the SLIDE limit equilibrium analyses
were observed more closely. It was found that, for steep slopes, the stress conditions of
the slices along the failure plane tend to be located in REGION 1 (Fig. 2) where the
shape of the Hoek-Brown and Mohr-Coulomb strength criterions differs the greatest. In
this region, at the same normal stress, the ultimate shear strength using the Hoek-Brown
criterion is smaller than that of the Mohr-Coulomb criterion. Therefore, 1t is reasonable
to conclude that using the equivalent Mohr-Coulomb parameters will provide a higher
estimate of the safety factor.

From the results of this study, it appears that the equivalent parameters (¢ and ¢)
obtained from Egs. (7)-(10) will lead to an unconservative factor of safety estimate,

particular for steep slopes where = 45 . In order to improve the estimate of F2, it

becomes apparent a better estimate of o, , and therefore a different form to Eq. (9), is

I max

required.
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To determine a more appropriate value of o to be used in Eq. (7) and Eq. (8), a

3 max
similar study as performed by Hoek et al. [11] is conducted. In these studies, Bishop’s

simplified method and SLIDE is used to analyse the cases in Table 1. For a factor of
safety of 1, the relationship between & /4 and o, , /o, isasillustrated in Fig. 12

and Fig. 13. The authors have tried to fit only one equation incorporating all data to

replace Eq. (9), but this did not prove possible. Instead separate equations are presented
for what is defined as steep slopes > 45 and gentle slopes # <45 as Egs. (12) and

(13) respectively.

. -1.07
Tomax _ 0.2[&} (Steep slope B >45) (12)
O em vH

i . T-1.23
Dome 0.41{‘7'—'"J (Gentle slope 3 < 45°) (13)
. yH

It can be seen in Fig. 12 and Fig. 13 the newly fitted Eq. (12) for steep slopes plots
below the original Eq. (9) and the newly proposed Eq. (13) for gentle slopes plots above
the original Eq. (9). For this reason, it is apparent that one curve fit is not possible for all

slope angles.
In Table I, the safety factors F3 and F'4 are obtained from SLIDE using Mohr-
Coulomb parameters which are calculated by estimating o, from Eq. (12) and Eq.

(13). Comparing F3 and F4 with F2, shows that for steep slope, the safety factors
estimates are much improved. A summary of the results in Table 1 shows that, using
newly proposed equations to calculate the equivalent Mohr-coulomb parameters, the
largest difference of safety factor has decreased from 64% to 21% and the average

difference has reduced from 12.8% to 3.4%. Thus, it can be concluded that using the

modified Eq. (12) and Eq. (13) will provide better results of safety factors which are on



average only 3.4% higher than the lower bound results. The newly proposed Eq. (12)
and Eq. (13) are both applicable in estimating o, for =45 cases. The results
show that the difference in safety factor between these two equations is less than 8%.
This would be acceptable for preliminary assessment of rock slope stability.

Fig. 14 displays the upper bound plastic zones compared with failure surfaces obtained
using SLIDE and different strength parameters from Eq. (12) and Eq. (13). F1, F2,
and F3 denote the safety factors obtained from using the Hoek-Brown (o, GSI', m, .

D), the original equivalent Mohr-Coulomb (proposed by Hock), and the new
equivalent Mohr-Coulomb (proposed in this paper) strength parameters, respectively. It
1s shown that using the original estimated Mohr-Coulomb parameters in analyses gives
poor assessment of the stability and predictions of failure surfaces for steep slopes. On
the other hand, by using the new proposed equivalent Mohr-Coulomb parameters the
predicted failure mechanism compares more favourably to the upper bound mechanism

and the factor of safety is much improved.

7. Conclusions

Stability charts based on the Hoek-Brown failure criterion are presented using
formulations of the upper and lower bound limit theorems. These chart solutions can be
used for estimating rock slope stability for preliminary design. It is important that users
understand the assumptions and limitations before using these new rock slope stability
charts. In particular, it should be noted that the chart solutions proposed in this paper are
applicable to isotropic rock or rock masses only. Regarding the results of this study, the

following conclusions can be made:

The upper bound and lower bound solutions bracket a narrow range of stability numbers
( N') within +9 % or better (i.e. +5%) for all cases. This provides confidence that the

true stability number has been bracketed accurately.



The general mode of failure for rock slopes was observed to be of the toe-failure type,

except for the case of f# =15, where a base-failure type was observed.

The accuracy of using equivalent Mohr-Coulomb parameters for the rock mass in a
traditional limit equilibrium method of slice analysis has been investigated. It was found
that the factor of safety can be overestimated by up to 64% for steep slopes if existing
guidelines for equivalent parameter determination are used. In order to improve the
factor of safety estimate, two modified equations for steep and gentle slopes have been
proposed. These equations are modifications of those originally proposed by Hoek [11].
When they are used to determine equivalent Mohr-Coulomb parameters that are
subsequently used in a method of slice analysis, the factor of safety estimate is much

improved and is at most 21% above the limit analysis result.

It was found that a limit equilibrium method of slice analysis can be used in conjunction
with equivalent Mohr-Coulomb parameters to produce factor of safety estimates close
to the limit analysis results, provided modifications are made to the underlying
formulations. Such modifications have been made in the software SLIDE where a set of
equivalent Mohr-Coulomb parameters are calculated at the base of each individual slice.
This approach predicts factors of safety remarkably close to the limit analysis solutions

that are based on the native form of the Hoek-Brown criterion.
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Table 1.

Comparisons of safety factors between the Hoek-Brown strength parameters and the equivalent Mohr-Coulomb parameters

LIMIT ANALYSIS -
LOWER BOUND

SLIDE

- - Limit Equilibrium using equivalent Mohr-Coulomb Parameters

Nonlinear Hoek-

Nonlinear Hoek-Brown

Eq. (7). (8) & (9)

Eq. (7), (8) & (12)

Eq. (7), (8) & (13)

Brown Linear Mohr-Coulomb Linear Mohr-Coulomb Linear Mohr-Coulomb
yis GSI m | (o, /yH )W / Fi %Diff F2 seDiff 3 %aiff 4 “aDiff
75 100 o 0.360 1 0.963 -3.7% 1.008 1% 1.028 3% - -
75 100 15 0.278 1 0.999 -0.1% 1.164 16% 1.042 4% - -
75 100 25 0.228 1 1.002 0.2% 1.218 22% 1.079 8% - -
75 100 35 0.194 1 1.004 0.4% 1.286 29% 1.112 11% - -
75 70 5 1.703 1 0.988 -1.2% 1.081 8% 1.025 2% - -
75 70 15 1.169 1 1.002 0.2% 1.287 29% 1.081 8% - -
75 70 25 0.890 1 1.005 0.5% 1.35 35% 1.124 12% - -
75 70 35 0.717 1 1.016 1.6% 1.394 39% 1.156 16% - -
75 50 5 4.980 1 0.997 -0.3% 1.154 15% 1.036 4% - -
75 50 15 2.988 1 1.004 0.4% 1.336 34% 1.119 12% - -
75 50 25 2.156 1 1.018 1.8% 1.425 43% 1.148 15% - -
75 50 35 1.668 1 1.024 2.4% 1.45 45% 1.174 17% - -
75 30 & 15.011 1 1.001 01% 1.248 25% 1.047 5% - -
75 30 15 8.576 1 1.016 1.6% 1.459 46% 1.136 14% - -
75 30 25 5.824 1 1.025 2.5% 1.51 51% 1.173 17% - -
75 30 35 4,327 1 1.033 3.3% 1.516 52% 1.194 19% - -
75 10 5 93.721 1 1.004 0.4% 1.224 22% 1.018 2% - -
75 10 15 53.362 1 1.023 2.3% 1.504 50% 1.126 13% - -
75 10 25 35.186 1 1.035 3.5% 1.605 61% 1.185 19% - -
75 10 35 24.994 1 1.046 4.6% 1.642 64% 1.21 21% - -
60 100 5 0.232 1 1.001 0.1% 1.033 3% 1.043 4% - -



Table 1. (continued)

LIMIT ANALYSIS -

LOWER BOUND

SLIDE

¢ - Limit Equilibrium using equivalent Mohr-Coulomb Parameters

Nonlinear Hoek-

Nonlinear Hoek-Brown

Eq. (7), (8) & (9)

Eq. (7), (8) & (12)

Eq. (7), (8) & (13)

Brown Linear Mohr-Coulomb Linear Mohr-Coulomb Linear Mohr-Coulomb

B st | m, | (o,/rH),, | F FI %Diff F2 “aDiff F3 %uDiff Fq wDiff |
60 100 15 0.130 1 1.004 0.4% 1.114 1% 1.026 3% - -
60 100 25 0.088 1 1.004 0.4% 1.146 15% 1.035 3% - -
60 100 35 0.066 1 1.004 0.4% 1.141 14% 1.04 4% - -
60 70 5 0.946 1 1.013 1.3% 1.059 6% 1.024 2% - -
60 70 15 0.435 1 1.004 0.4% 1.143 14% 1.033 3% - -
60 70 25 0.276 1 1.004 0.4% 1.161 16% 1.043 4% - -
60 70 35 0.200 1 1.005 0.5% 1.183 18% 1.047 5% - -
60 50 5 2.337 1 1.005 0.5% 1.124 12% 1.026 3% - -
60 50 15 0.953 1 1.004 0.4% 1.171 17% 1.036 4% - -
60 50 25 0.584 1 1.008 0.8% 1.176 18% 1.046 5% - -
60 50 35 0.419 1 1.009 0.9% 1.172 17% 1.049 5% - -
60 30 5 6.439 1 1.009 0.9% 1.15 15% 1.023 2% - -
60 30 16 2.317 1 1.009 0.9% 1.197 20% 1.044 4% - -
60 30 25 1.356 1 1.01 1.0% 1.201 20% 1.049 5% - -
60 30 35 0.945 1 1.011 1.1% 1.23 23% 1.051 5% - -
60 10 5 38.926 1 1.004 0.4% 1.183 18% 1.013 1% - -
60 10 15 11.734 1 1.013 1.3% 1.257 26% 1.048 5% - -
60 10 25 5.928 1 1.017 1.7% 1.261 26% 1.054 5% - -
60 10 35 3.729 1 1.018 1.8% 1.258 26% 1.059 6% - -
45 100 5 0.135 1 1 0.0% 1.008 1% 1.022 2% 1.027 3%
45 100 15 0.058 1 1.005 0.5% 1.041 4% 1.003 0% 1.086 9%
45 100 25 0.036 1 1.012 1.2% 1.047 5% 1.003 0% 1.11 11%



Table 1. (continued)

LIMIT ANALYSIS -

LOWER BOUND

SLIDE - Limit Equilibrium using equivalent Mohr-Coulomb Parameters

Nonlinear Hoek-

Nonlinear Hoek-Brown

Eq. (7), (8) & (9)

Eq. (7). (%) & (12)

Eq. (7), (8) & (13)

Brown Linear Mohr-Coulomb Linear Mohr-Coulomb Linear Mohr-Coulomb
yii Gst | m | (o,/rH),, | F Fl “aDiff F2 2aDiff F3 %aDiff 4 %aDiff
45 100 35 0.026 1 1.015 1.5% 1.06 6% 1.005 0% 1.126 13%
45 70 5 0.469 1 1.001 0.1% 1.038 4% 1.001 0% 1.055 5%
45 70 15 0.176 1 1.012 1.2% 1.08 8% 1.002 0% 1.098 10%
45 70 25 0.108 1 1.017 1.7% 1.06 6% 1.007 1% 1.113 11%
45 70 35 0.077 1 1.019 1.9% 1.061 6% 1.009 1% 1.123 12%
45 50 5 1.046 1 1.004 0.4% 1.045 4% 1.001 0% 1.063 6%
45 50 15 0.369 1 1.009 0.9% 1.065 6% 1.004 0% 1.098 10%
45 50 25 0.222 1 1.02 2.0% 1.066 7% 1.01 1% 111 1%
45 50 35 0.158 1 1.021 2.1% 1.044 4% 1.011 1% 1.118 12%
45 30 5 2.593 1 1.011 1.1% 1.066 7% 0.999 0% 1.06 6%
45 30 15 0.829 1 1.018 1.8% 1.07 7% 1.007 1% 1.094 9%
45 30 25 0.480 1 1.021 2.1% 1.076 8% 1.01 1% 111 1%
45 30 35 0.334 1 1.024 2.4% 1.085 9% 1.014 1% 1.118 12%
45 10 5 13.585 1 1.014 1.4% 1.087 9% 1 0% 1.039 4%
45 10 15 31565 1 1.023 2.3% 1.106 11% 1.005 0% 1.08 8%
45 10 25 1.552 1 1.023 2.3% 1.107 11% 1.009 1% 1.103 10%
45 10 35 0.969 1 1.026 2.6% 1.079 8% 1.01 1% 1.115 12%
30 100 5 0.070 1 1.014 1.4% 0.988 -1% - - 1 0%
30 100 15 0.026 1 1.02 2.0% 0.999 0% - - 1.024 2%
30 100 25 0.016 1 1.023 2.3% 1.003 0% - - 1.036 4%
30 100 35 0.011 1 1.024 2.4% 1.007 1% - - 1.044 4%
30 70 5 0.218 1 1.018 1.8% 0.985 -2% - - 1.011 1%




Table 1. (continued)

LIMIT ANALYSIS -
LOWER BOUND

SLIDE

: - Limit Equilibrium using equivalent Mohr-Coulomb Parameters

Nonlinear Hoek-

Nonlinear Hoek-Brown

Eq. (7),(8) & (9)

Eq. (7), (8) & (12)

Eq. (7), (8) & (13)

Brown Linear Mohr-Coulomb Linear Mohr-Coulomb Linear Mohr-Coulomb
B GSl J m | (@, /rH),, | F Fl %uDiff F2 oaDiff F3 %Diff F4 %uDiff
30 70 15 0.075 1 1.023 2.3% 0.996 0% - - 1.028 3%
30 70 25 0.045 1 1.024 2.4% 1.004 0% - - 1.035 3%
30 70 35 0.032 1 1.025 2.5% 1.01 1% - - 1.04 4%
30 50 5 0.461 1 1.02 2.0% 0.993 -1% - - 1.014 1%
30 50 15 0.153 1 1.024 2.4% 1.003 0% - - 1.026 3%
30 50 29 0.091 1 1.025 2.5% 1.024 2% - - 1.032 3%
30 50 35 0.065 1 1.026 2.6% 1.008 1% - - 1.036 4%
30 30 8 1.057 1 1.022 2.2% 1.001 0% - - 1.012 1%
30 30 15 0.323 1 1.026 2.6% 1.003 0% - - 1.026 3%
30 30 25 0.185 1 1.026 2.6% 1.005 0% - - 1.031 3%
30 30 35 0.129 1 1.027 2.7% 1.004 0% = - 1.035 3%
30 10 5 4.363 1 1.023 2.3% 1.002 0% - - 1.006 1%
30 10 15 0.943 1 1.025 2.5% 1.007 1% - - 1.023 2%
30 10 25 0.460 1 1.026 2.6% 0.996 0% - - 1.033 3%
30 10 35 0.286 1 1.026 2.6% 1.004 0% - - 1.04 4%
10 100 5 0.026 1 1.009 0.9% 1.067 7% = - 1 0%
10 100 15 0.009 1 1.011 1.1% 1.079 8% - - 0.987 -1%
10 100 25 0.005 1 1.011 1.1% 1.091 9% - - 0.985 -2%
10 100 35 0.004 1 1.012 1.2% 1.094 9% - - 0.986 -1%
10 70 5 0.078 1 1.01 1.0% 1.069 7% - - 0.994 -1%
10 70 15 0.026 1 1.01 1.0% 1.087 9% - - 0.987 -1%
10 70 25 0.015 1 1.011 1.1% 1.091 9% - - 0.985 -2%
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Table 1. (continued)

LIMIT ANALYSIS -

LOWER BOUND

SLIDE - Limit Equilibrium using equivalent Mohr-Coulomb Parameters

Nonlinear Hoek-

Nonlinear Hoek-Brown

Eq. (7). (8) & (9)

Eq. (7), (8) & (12)

Eq. (7). (8) & (13)

Brown Linear Mohr-Coulomb Linear Mohr-Coulomb Linear Mohr-Coulomb
B Gst | m | (o./rH),, J F FI %Diff F2 %aDiff 3 “Diff F4 “aDiff
10 70 35 0.011 1 1.011 1.1% 1.094 9% - - 0.985 -2%
10 50 5 0.158 1 1.01 1.0% 1.067 7% - - 0.996 0%
10 50 15 0.052 1 1.01 1.0% 1.055 5% - - 0.989 -1%
10 50 25 0.031 1 1.011 1.1% 1.081 8% = - 0.986 -1%
10 50 35 0.022 1 1.011 1.1% 1.084 8% - - 0.985 -2%
10 30 5 0.334 1 1.01 1.0% 1.05 5% - - 0.997 0%
10 30 15 0.101 1 1.011 1.1% 1.068 7% - - 0.99 -1%
10 30 25 0.058 1 1.011 1.1% 1.072 7% - - 0.988 -1%
10 30 35 0.040 1 1.011 1.1% 1.075 8% - - 0.986 -1%
10 10 5 0.994 1 1.012 1.2% 1.036 4% - - 0.994 -1%
10 10 15 0.211 1 1.013 1.3% 1.039 4% - - 0.985 -2%
10 10 25 0.103 1 1.013 1.3% 1.041 4% - - 0.985 -2%
10 10 35 0.064 1 1.013 1.3% 1.032 3% - - 0.986 -1%
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Fig. 1. Applicability of the Hoek-Brown failure criterion for slope stability problems.
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Fig. 2. Hoek-Brown and equivalent Mohr-Coulomb criteria.
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Fig. 9. Average finite element limit analysis solutions of stability numbers
(GSI =100, 80 and 60).
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— F1=1.005 — FI1=1.016

Fig. 14. Comparison between upper bound plastic zones and failure surfaces from
different strength parameters (GS/ = 70 and m, = 35).
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