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Proceso de N

. ., Z"X % DCE Ingenieros S.R.Ltda.
CaraCterlzaCIOH g Geomecdnica en Mineria y Obras Civiles
= = Observaciones o0 mediciones en el terreno
iy - = Datos cualitativos o cuantitativos
Z
' / /}\ Al (\2,1 \ ( Cuantitativos (medir): Cualitativos (obs.):
e Medidas de tendencia central No se puede medir
{ | il '( L/\ Variabilidad Porcentajes
| Funcion de distribucion
Estadisticos
cuenta: 10858.0 >
media &1 100 % Alteracion
8 7 mmm Carrerz varianza: 217.5 - 0.16 Bl Sana
;] Egﬂtnrﬂfmef d:iz;aec?;n(d;;: ;; L 0.14 == UG alt.
m Sandstc o o ' BO % 1 B Mod. alt
6 1 ) | - 0.12 B Muy alt.
terce:.l::.lc;lnr-.tli:;:: %g -2 B Des.
- oo S0 [0 w 0%
E ’ mrnimo; 9-.0 o3 E
24 -008 e  E
£ T Y 0%
3 - - - 0.06 &£
2 4 = 0.04
20 % 1
N\
| LA
0 +rrrrrr e e T T T TR T 0 0%
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Litologia A Litologia B Litologia C
UCS (MPa)
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Anisotropia

GRA s . 1 DECE Ingenieros S.R.Ltda.
Anisotropy is everywhere” N. Barton

Geomecdnica en Mineria y Obras Civiles

(Barton, 2014)

L Ly 4 Ll L4 ”?
= Variacién de las propiedades en funcion de 2
la direccidn (mide o observa). o
= |a masa rocosa tiende a ser anisotropica. &
. , . D
= La anisotropia de un macizo rocoso esta -. =
controlada por el origen geoldgico o R . .St,; S
r(0) I:JS consla?ltt r(0) varies wiihg(; r(0) varies w'rthgg)rI -
No discontinuity sets One discontinuity set Two discontinuity sets
parallel to slope parallel to slope parallel to slope

(Strength Set 1 > Strength Set 2)

Geomecanica aplicada al minado subterraneo



De la caracterizacion

.~ DCER Ingenieros S.R.Ltda.
al diseno

Geomecanica en Mineria y Obras Civiles

o O'bfservauones 0 Caracterizacion © Aphcauon ld'e la © Ingenierila d~e rocas
5 mediciones del terreno 5 informacion ko] y disefio
= = -
15 g S
= =
.................................................. Q @
; e 2 S
é R [ Masa rocosa ] ........... “- i E qc)
. . L
¥ Caracter|§t|cas dela 5 |
i roca intacta Asignar valores l l
i — alas
:: | Caracteristicasdelas | :: . L
ol di . — | caracteristicas
S {H iscontinuidades ¥ ,
= f ¥ del macizo
5 ¥ | Arrelglo' de : rocoso S|st§r'nas'clje Dimensionamie
8 i discontinuidades ¥ clasificacion nto
2 eevvoeeeeeeeeeseeeeeeeeeeeareeeeeeeeeresreaees® o *
o : S
3 Modelos Analisis de
| Aguasubteranea i ——» numéricos ::> estabilidad
; . : Posible :D : Ty
—> Esfuerzos in-situ ———» : Calgglos Estlma'cpn del
: comportamiento analiticos sostenimiento
o Torw Jo | deltereno | <7 |
Métodos de Secuencia de
Caracteristicas del proyecto > observacion excavacion

(Modificado, Palmstrom, 2015)
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Caracterizacion de la roca intacta

.p .y . DCE Ingenieros S.R.Ltda.
Clasificacion geoldgica

Geomecdnica en Mineria y Obras Civiles

Rocas igneas Rocas metamorficas

TABLE 3.2 Geological Classification of Igneous Rocks TABLE 3.3 Classification of Metamorphic Rocks
Type Major Mineral
Acid T o . et Ultrabasic Classification Rock Description Constituents
55-65% 45-55% Massive Hornfels Micro-fine grained Quartz
Grain Size >65% Silica Silica Silica <45% Silica Quartzite Fined grained Quartz
Plutonic Granite Diorite Gabbro Picrite Marble Fine—coarse grained Calcite or dolomite

Peridotite

Foliated Slate Micro-fine grained, Kaolinite, mica

laminated

Granodiorite Serpentinite

Phyllite ft, laminated Mica, kaolinite

Dunite

Schist Alte

Hypabyssal Quartz Plagioclase Dolerite hYPEl‘:ZIYSSE‘l rocks, Fe.ldspar, quartz,
| rain mica
Orthoclase s
porphyries Hornblende
Extrusive Rhyolite Pichstone Basalt Basicolivine

Dacite Andesite basalts
Major Quartz, Qua Calcium- Calcium-
mineral orthoclase, orthoclase, plagioclase, plagioclase,
constituents sodium- plagioclase, ite, olivine,

plagioclase, biotite, oliviney augite

muscovite, hornblende, hornblende

biotite, augite

hornblende

(Zhang, 2017)

Geomecanica aplicada al minado subterraneo



Caracterizacion de la roca intacta

Clasificacion geoldgica

DCE Ingenieros S.R.Ltda.
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Rocas sedimentarias

TABLE 3.4 Classification of Sedimentary Rocks

Method of

formation Classification Rock

Mechanical Rudaceous Breccia

Conglomerate

Arenaceous Sandstone

Quartzite

Gritstone

Breccia
Argillaceous

Claystone

Shale

Mudstone

(Zhang, 2017)

Description

Large grains in
clay matrix

grains i
matrix

Medium, round
grains in silica
matrix

Medium, angular
grains in matrix

Coarse, angular
grains in matrix

Micro-fine-
grained plastic
texture

Harder-
laminated
compacted clay

QOrganic Calcareous Limestone Fossiliferous, Calcite
coarse or fine
Carbonaceous Coal grained

Major (siliceous,

mineral ferruginous,

conslituents phosphatic)

VT Chemical Ferruginous Ironstone Impregnated Calcite, iron
limestone or oxide
claystone (or
precipitated)

Quartz,

calcite Calcareous Dolomite Precipitated or Dolomite,

p
(sometimes (siliceous, limestone replaced calcite
feldspar, saline) limestone, fine
p
ica) rained
g

Qua

Quartz,
calcite,
various

Quartz,
calcite,
various

Kaolinite,
quartz, mica

Kaolinite,
quartz, mica

Geomecanica aplicada al minado subterraneo



Caracterizacion de la roca intacta DGR Ingenieros S.R.Lua

PrOpiedadeS Geomecanica en Mineria y Obras Civiles
Propiedades Propiedades Propiedades
fisicas indice ingenieria
J/ J
i b i b Resistencia
’ Rebote martillo « Traccion
— Porosidad — : .
Schmidt » Compresién uniaxial
. y . y * Compresion triaxial
[ ) [ b (Deformacién
| Densidad | Durabilidad ||+ Modulo de Young
* Relacion de Poisson
. Y, . Y, \_
( )\ ( )\
— Contenido de agua — Carga puntual
|\ J |\ J
( )
— Traccion indirecta
(Modificado, Cérdova, 2009)

G J
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Densidad, porosidad y

. . DCER Ingenieros S.R.Ltda.
contenido de agua (laboratorio)

Geomecanica en Mineria y Obras Civiles

Density p (g/cm?)
3.0

La roca intacta consiste de una fase sélida y E—
una fase de vacios (puede estar ocupada de »a;
aire 0 agua) i —
. ﬁ% o
B S 2
.. Densidad total: Y - . \ %
= TR o
E 3
Protal = IVltotal / Vtotal : X?
4
ii.  Densidad seca: |
5
p — M I V Rock Type Dry Specific Gravity Porosity (%)
seco S total Granite 2.6-3.0 0.2-3.0
. Diorite 2.8-3.0 0.2-3.0 _
iii. Porosidad: Andesite 2.5-2.9 0.2-5.0 @
=
Basalt 2.2-2.8 0.2-20
— 0 '
n= Vv/ Vtota| x 100% Sandstone 1.9-2.7 1.56-25 =
Shale 2.0-2.4 2.0-4.0 -:’
. e T o
iV. Grado de Saturamon: Limestone 2.6-2.8 0.3-4.0 9—:
Gneiss 26-3.0 0.2-1.0
— 0 Slate 2.6-2.8 1.5-4.0
s=V_/V._x100%
w S Quartzite 2.6—2.8 0.2-1.0

Geomecanica aplicada al minado subterraneo



Hardness - Martillo de Schmidt , ‘ [ —
(laboratorio o campo) LR 2

Geomecanica en Mineria y Obras Civiles

Average dispersion of strength
for most rocks - MPa

= |a capacidad de un material de resistir 2 8 88 8 s
. I+ |+ I+ H+ oy o £
deformaciones permanentes. 0 s =
300 v ox
/ Y/
. 250 77 P
= Enlaroca intacta depende de muchos factores o 20 // %g/,/// i z
incluyendo su composicion mineral y densidad. = 1 ] Zéé; .-
)] I " E
iy , £ ol //,,’Z/ﬁ”é/ 5
= Tipicamente esta representada con el numero 2 3 f ,;,’4”/,/";’//2
. . @ faVsd.
de rebote del martillo Schmidt. ¢ ol /1)) 8
% 50 ’ J:’y/////,’///
, T 40 [ f///léy
= Le numero de rebote (MS) puede ser s | 7/
. . y =2 30 2%
correlacionado con propiedades fisicas o 1
mecanicas de la roca intacta. Ejemplo, 20

resistencia a la compresion uniaxial

(Modificado, ISRM - Zhao, 2016) UCS — 140 i 50 MPa 1

30 40

o
- =
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(=]
(55}
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[=x]
(== ]
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(7]
[=)
=
(=
in
[
[=})
(=)
'Dl }Z?‘ %S /ﬁ K+ Hammer orientation

Schmidt hardness - Type L hammer
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Durabilidad Z"X %, DCER Ingenieros S.R.Ltda.

(|ab0rat0ri0) Geomecanica en Mineria y Obras Civiles
intacta a los ciclos de meteorizacion. la2) (%) Durability Classification
. ‘ . . 0-25 Very low —
= En laboratorio se simulan la meteorizacion o i N
. . s, = ow 2
med|ante ciclos de saturgmon,.secado e - e E
impacto para evaluar su integridad. — High N
» Elensayo de durabilidad reporta el indice de 90-95 Very high =
durabilidad 95-100 Extremely high
Based on Franklin, J.A., Chandra, A., 1972. The slake durability test. Int. J. Rock Mech. Min. Sci. 9,
325-341.
We-C C
I4(2) = ——= % 100 (%) —
. . urability Classification
B C Weathering TG rades and Rock Average a2 (%) based on Franklin &
ypes Chandra (1972)
I d Indice de durabilidad Completely weathered sandstone 0.3 Very low
W: Masa tambor + roca seca (2s) A 150 Very low
B Masa tambor + roca seca (1 S) Highly weathered orange sandstone 22.0 Very low E
C Masa del tambor Highly weathered iron recemented 16.0 Low é
sandstone ' -
Highly weathered iron banded 67.0 Medi §
fractured sandstone ’ ecim >
Slightly weathered sandstone 87.0 High
Slightly weatsl;f;rg;it (i)i)en recemented 98.0 Extremely high
o - - - Fresh grey sandstone 91.0 Very high

Geomecanica aplicada al minado subterraneo



Indice de carga puntual

. DCER Ingenieros S.R.Ltda.
(campo y laboratorio)

Geomecanica en Mineria y Obras Civiles

_ . Rock type I,.,,o,
= Se recomienda reportar el ls(50) (diametro Grantte 5-15
equivalente a 50 mm) para estandarizar la escala. - e—15
- 9 0.45 Andesite 10-15 _
Is(50) (P / De ) (De / 50) Basalt 9-15 ‘é’
. . ] Sandstone 1-8 N
= [ndice de carga puntual de anisotropia Sudsions 01-6 3
. : : o
(la(SO)) es el ratio entre el ls(50) medido Limesions 3.7 N
perpendicularmente entre el medido Gneiss 5-15 >
paralelamente a los planos de debilidad. Schist 5-10
< Slate 1-9
Marble 4-12
- Quartzite 5-15

P

\
' 1
—o—
!
' \
'
' m————

L>D/2 0.3W<D<W

L-D/2 0.3W<D<W W=(W1+W2)/2
(Modificado, Villaescusa, 2014)
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Traccion indirecta
(laboratorio)

DCE Ingenieros S.R.Ltda.

Geomecanica en Mineria y Obras Civiles

- Holf boll bearing P

= Elensayo mas usado por la facilidad de dj "
s [ _—Upper jow —_
operacion. ’h’ ¥ Hole with r 3
. . v learon dowe! =
= Se emplean discos con una dimension t = D/2. . ! R -
= |a fractura se genera por tensién a lo largo del H 1 Guide pin N 8
diametro del disco. PR N
1 =)

o, = 2P | Dt |
Test specimen

= Los resultados de los ensayos de traccion
indirecta deben ser reducidos por un factor
segun el origen geoldgico de la roca intacta.

0.7 para rocas sedimentarias
0.8 pararocas igneas
0.9 para rocas metamorficas

» UCS es de 8 a 20 veces mayor que la
resistencia a tension.

(Perras & Diederichs, 2014)

(Xia-Ting, 2017)

Geomecanica aplicada al minado subterraneo



Traccion
(laboratorio)

DCE Ingenieros S.R.Ltda.

Geomecdnica en Mineria y Obras Civiles

AEN - .
N 0
A

vy,

. ‘ y
VNG - A
& ’ o \
3., “ e ‘\‘ Specimen w“ - .

L.

Hardened and ground
steel platten

_ Latex rubber sleeve

Low strength Plasticine
modelling clay

¥~ 0il inlet

™~ Dogbone shaped intact
rock specimen

Triaxial cell rubber
sealing sleeve

= P(df ~d3) /5

(Hoek, 2018) 160 1
&
140 - /
Ramsey and Chester \ -
data points \a 0.3
w4 &
=
)
‘ B0 9 w
w
A £
N
A 60 4 et
o
Generalized Griffith 2
theory regression fit 40 - s
4 S
©
w4 S
A
-12 10 -8 6 4 2 0 2 Rl 6

Minor principal Stress o3 MPa

4
/40

Extension Hybrid Shear
fracture fracture fracture
'
- ==l
t f
(Ramsey, 2004)

90 MPa 120 MPa 170 MPa

P, =15 MPa
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Compresion uniaxial
(laboratorio)

‘ o

Z"& % JDCE Ingenieros S.R.Ltda.
' 70

Geomecdnica en Mineria y Obras Civiles

Factores de influencia

= Composicion mineral y textura.
= Poros y microfracturas (fabrica).
= Meteorizacion o alteracion.

= Velocidad de carga

= Tamafo y forma de la muestra

= Saturacion y presion de poros

= Temperatura

= Direccion de carga y anisotropia

e

[R0759-KB41525

(ISRM - Zhao, 2016)

250

200 -

UCS ,,, (MPa)

50 |

100 +

UCs ,,, (MPa)

20 +

150

100 -

120 &

80

60 +

40 |

Saturacion

UCS = 049270(:51 0601 RZ

® Daraei and Zare (2018)
®m Visdrhelyi and Van (2006)

0.8804

Anisotropia

l ' ' '4560

& Visarhelyi (2005)
Yilmaz (2010)
Torok and Vasarhelyi (2010)
0 100 200 300 400
UCS 4y (MPa)
UCSyu. = 0.6556UCSg"" R* = 0.6223
O -
o ®° i
‘9 //0 T T T B0 5,60 75 )
C o / o @) p’ ) B
& ° / sof- sof-
o - Quartz mica schist Biotite schist
00 X o o 50 50f-
1 & 8 °
S
B oo 1\ N
o . ‘ . . 3
0 50 100 150 200 4 2 =
05]0‘5607590 0'5)0‘560'590
UCS 4y (MPa) e T ,

(Daraei, 2018)

(ISRM - Zhao, 2016)
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Deformacion modulos elasticos P

. ”Z"{ DCE Ingenieros S.R.Ltda.
(|ab0rat0ﬂ0) o.,m. Geomecdnica en Mineria y Obras Civiles
o (MPa) Saturacion Anisotropia
= 0912 2 - 0 3 .
P se-10ampa / 35, Esar. = 0.5898E7'% R> = 0.749: ° 4ﬂ )
. -
; Yilmaz (2010) L P ;
o O A 1 T --_"750
_________ o2 co o HT = S
ol % g 20 + ] 90
. E— Z 315 |
Slope = £, , Eq, -
| | | | | 10
-0.2 -0.1 0 0.1 0.2 0.3
& (%) g (%) 5
0 : : : : ; | S e
= Elmodulo de Young (E) y la ©oo ig . 0 X 0w
.y, . a 1 @ 1 ()
relacion de Poisson (v) se w5 0 6032";0 988 g2 g5 N
. . — . — Es % - sal
determinan experimentalmente de __ES“‘- ' dry u"R : = *1 : A
la curva esfuerzo-deformacion. | p o B N e "
= Como tendencia altos UCS F ol . “DD B & AERrary B T
corresponden a altos modulos de < |, | oGl ~ U - !
= 28 4 20 { @
Young (E) 10 + Dth ; O o i | .'. .‘e,_; .
= La relacion de Poisson (v) varia | a0 E 1% L
entre 0.1 0.4 para lamayoriade ~ ,[®&® * 71 D
|aS rocas 0 10 20 30 40 50 60 " E_'_JW'_oE_ o 6: 5
Eqyry (GPa) K 8O
(ISRM - Zhao, 2016) (Daraei, 2018) (Esamaldeen, 2016)
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Valores tipicos zllx D DI Incenieros S.R.Lida
UCS, E, Vv ' ,' Geomecdnica en Mineria y Obras Civiles

No. of Poisson’s Ratio

Rock Type ucs (Mpﬂ) E (GP&) Rock No. of Rock Standard
Granite 100 - 300 30-70 Type Values  Types Maximum  Minimum  Mean Deviation
Diorite 100 - 350 30100 Basalt 11 11 0.32 0.16 0.23 0.05

Diabase 6 6 0.38 0.20 0.29 0.06
Andesite 100 - 300 10-70 Dolostone 5 5 0.35 0.14 0.29  0.08
Basalt 100 -350 40-80 Gabbro 3 3 0.20 0.16 0.18 0.02
Sandstone 20-170 15-50 Gneiss 11 11 0.40 0.09 0.22 0.09

Granite 22 22 0.39 0.09 0.20 0.08
Shale 5-100 5-30 _

Limestone 19 19 0.33 0.12 0.23 0.06
Limestone 30 - 250 20-70 Marble 5 5 0.40 0.17 0.28 0.08
Gneiss 100 - 300 30 -80 Quartzite 6 6 0.22 0.08 0.14 0.05
Schist 20 - 150 5_60 Sandstone 12 9 0.46 0.08 0.20 0.11

Schist 12 11 0.31 0.02 0.12 0.08
Slate 50-180 20-90

Shale 3 3 0.18 0.03 0.09 0.06
Quartzite 150 - 300 50-90 Siltstone 3 3 0.23 0.09 0.18  0.06

(ISRM - Zhao, 2016) (Zhang, 2017)
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Ratio
modulo

DCER Ingenieros S.R.Ltda.

Geomecdnica en Mineria y Obras Civiles

Rock Type
Sedimentary

E=MR X o

(ISRM - Zhao, 2016)

8o Metamorphic rocks
'gneom rocks Metamorphic
§ 0 I
w
g. I
— gneous
g 20
n —
£,10
c
3
>
5 —
25 | il
6.3 1256 25 50 100 200 400

Uniaxial Compressive Strength, o, (MPa)

Class

Clastic

Nonclastic

Nonfoliated

Slightly foliated

Foliated”

Plutonic

Hypabyssal

Volcanic

Group

Carbonates

Evaporites

Organic

Light

Dark

Lava

Pyroclastic

Coarse

Conglomerates
300400

Breccias
230-350

Crystalline limestones
400-600

Marble
700-1000

Migmatite
350400

Granite®
300-550

Granodiorote®
400-450

Gabbro
400-500

Norite
350400
Porphyries
(400)”

Agglomerate
400-600

Texture

Medium

Sandstones
230-350

Sparitic limestones
600-800

Gypsum
(350"

Hornfels
400-700

Metasandstone
200-300

Amphibolites
400-500

Schists
250-1100"
Diorite”
300-350

Dolerite
300400

Rhyolite
300-500

Andesite
300-500

Volcanic breccias
(500"

(Zhang, 2017)

Geomecanica aplicada al minado subterraneo

Fine

Siltstones
350-400

Greywackes
350

Micritic limestones
800—1000

Anhydrite (350)”

Quartzites
300450

Gneiss
300-750"

Phyllites/Mica Schist
300-800"

Diabase
300-350

Dacite
350-450

Basalt
250-450

Tuff
200-400

Very Fine

Claystones
200-300

Shales
150-250°

Marls
150-200

Dolomites
350-500

Chalk
1000 +

Slates
400-600"

Peridotite
250-300




Compresion triaxial

) Z"§ DCE Ingenieros S.R.Ltda.
(|ab0rat0ﬂ0) a.,m. Geomecdanica en Mineria y Obras Civiles
= Los esfuerzos en sksuigs I 7 ema
profundidad poseen 3 metmee ] b
dimensiones es i 4o o
necesario entender el ik s e by g Ve 3 .
comportamiento de la g PEEEE
roca en este entorno ~R—— g om 2 ; ;
. )
(diferente al UCS). e .8 s
— strain gauges % . R
A
. La Verdad’era ) . by \\ -10“ 0] 10 20 30 40 50
compresion triaxial O R roober scatng sese Signa 3 APa)
significa 3 esfuerzos 4 o 140
g . . // Ho‘k'Fm*'h . Omi @®Sigma ci [ ] s
principales diferentes g triaxial cell ’ . :
[ ]
(01 > 02 > 03 > 0) 30 ® [ ] 130
O £
g = Confinamiento de 0 a 0 /2. = : 2
= Lacompresion . : / °
e =  Minimo 5 niveles de 20 0 120
axisimetrica o confinamiento diferentes
tradicionalmente Minimo 2 roturas por cada 15 RN
lamada compresion nivel de confinamipento o 2 " o
triaxial en donde e . Maximum Conﬁnin&/[};:)ssure Testing Range
(0,>0,=05>0). (Read & Stacey, 2009) (Villaescusa, 2014) (Bewick, 2017)
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Roca mt?Cta ‘ . DCE Ingenieros S.R.Ltda.
Correlaciones LR

Geomecanica en Mineria y Obras Civiles

= |ndice de carga puntual vs compresion uniaxial = Porosidad vs compresion uniaxial

ISRM - Zhao, 2016 . — -
( 2016)  E| factor de correlacion o, =ae bn
o.=221 59) Puede variar entre 10 a 30
c s(50)

a b r Rock Type Reference

TABLE 7.4 Correlations Between Unconfined Compressive Strength &, a4 0-048 0-79 Sandstone Ei:g:;k

and Point Load Index I ;q—cont’d =
210.1 0.821 0.67 Mudrocks: claystone, clay shale, Lashkaripour

Correlation I Rock Type Reference mudstone, mud shale, siltstone, (2002)

. ) and silt shale

o =10.9ks0) +49.0 0.8 Granite Mishra and Basu .

. (2012) N 273.1 0.076 0.87 Chalk Palchik and
0c =11.2150) + 4.01 0.84 Schist = Hatzor
0c=13.0l50)— 5.19 0.84 Sandstone a (2004)

_ i N 195.0 0.210 0.79 Sandstone, limestone, basalt, Tugrul (2004)
oc =14.6lys0) 0.88 g\ll of the above 2 e
~ .
oc = 2050 Metasiltstone Li and Wong R — Sandstones E%b,]};m etal.
(2013) 143.8 0.0695 Carbonates and limestones
ac =21l5q) Metasandstone (5<n<20%
6. =20.1l50)—17.1 0.8 Travertine, marble Palassi and 30 <6, < 150 MPa)
Emami (2014) 135.9 0.048 Carbonates and limestones
Notes: Both o, and 5, are in MPa and # is the determination coefficient. g%ir;fj ?;go(’) MPal
i H LY 4 ] 4 . .
= indice de carga puntual vs traccion Tener en cuenta las caracteristicas del ambiente
donde se realizo la correlacion.
0 = 1.25 Is(50) = Realizar correlaciones especificas para los tipos
(ISRM - Zhao, 2016) de roca y ambiente intrinseco del proyecto.
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Orientacion y numero de

- . . DECE Ingenieros S.R.Ltda.
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Geomecdnica en Mineria y Obras Civiles

Orientacion Familia de discontinuidades

Conjunto de
X 7 o discontinuidades
IR t‘h:' aproximadamente
kil paralelas.
(ISRM - Zhao, 2016)

N Por lo general
existen varias
familias de
discontinuidades.

(Lisle & Leyshon, 2004) (ISRM SM, 1978)

Geomecanica aplicada al minado subterraneo



Espaciamiento y

. . DCER Ingenieros S.R.Ltda.
frecuencia de fracturamiento
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Espaciamiento aparente Frecuencia de fracturamiento

NUmero de discontinuidades por metro lineal (A)
es decir el inverso del espaciamiento (s).

El espaciamiento

real se puede A=1/s. o s.=1/A
| calcular mediante J J
: \' geometria Conteo cuando existe méas de una familia de
: discontinuidades

~
-__~‘.

/[ [/ [/ [/ /[ 10.2=5

Joint set A, average spacing=0.2m

Apparent spacing  Apparent spacing in
on the plane X,y and z directions

Description Joint Spacing (m) |

Extremely close spacing <0.02 \ \ \ 1 /0 -33 - 3
Very close spacing 0.02 - 0.06 Joint set B, average spacing =0.33 m

Close spacing 0.06-0.2 —

Moderate spacing 0.2-0.6

Wide spacing 0.6-2 / V /\/ K 1/8 — 0_125
Very wide spacing 2-6 Rock mass have 2 joints sets A and B.

Extremely wide spacing >6 Average spacing = 77 (ISRM - Zhao, 2016)

Geomecanica aplicada al minado subterraneo



Persistencia y

. DCER Ingenieros S.R.Ltda.
rugosidad
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Persistencia Rugosidad

Extension areal de una discontinuidad. Generalmente
cuantificada por la longitud de la traza en una
exposicion rocosa.

= N
Rectangular ﬁ?ﬂ\
, [ I
3

Traces

s, In situ shear test

e, (ISRM SM, 1981)

Exposed
rock face

TV TV

. " (Zhang, 2017) R}

(1) Both ends are (2) One end is (3) Both ends are
censored censored observable

= Larugosidad de la superficie de una

ISRM Suggested Description Surface Trace Length (m) discontinuidad es una medida de la irregularidad
Very low persistence < 0 el ondulamiento relativo a tu plano medio.

Low pecsisience b B = Rugosidad se caracteriza por el ondulamiento a
i A larga escala y por la irregularidad a pequefia

High persistence 10-20 escala.

Very high persistence > 20 (ISRM - Zhao, 2016)

Geomecanica aplicada al minado subterraneo



Rugosidad de la
discontinuidad

DCE Ingenieros S.R.Ltda.
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Surface lay

T A
rou SS / / / / // / / / / / /
e o

¥ ///////////////5/2;/(///////

Total surface profile

Waviness
height

1 Rough

Wm

I Smooth
—_——

11 Slickensided

Undulating
v Rough
W

A% Smooth
M—

VI Slickensided
Planar
Vil Rough

VI Smooth

X Slickensided

(ISRM SM, 1981)

Amplitude of asperities (mm)

1000
S Amplitude .
500 |- p 140
| T e — — 16
B le— Length —l 4 19
Im 8
100 E Profile
= 4
50 B
B 10cm 1
Profile
10k Opim 3
s Rough N
B Jr/r~1.5 1
Smooth
1k Jr/r ~1.0 i
D (Je/r) (Jr/w) = Jr N
0.1 [ | [ | L 11
0 0.1 1.0 10
Length of profile (m)
(Milme, 1991)

Joint roughness coefficient (JRC)

Geomecanica aplicada al minado subterraneo

T - R
S’ |l S

(Xie, 1999)



Coincidencia (JMC) y
apertura

Coeficiente de coincidencia (JMC)

= Representa el porcentaje de contacto entre las
dos superficies de una discontinuidad.

= La alteracion de las paredes de la discontinuidad
puede disminuir el porcentaje de coincidencia

= Se describe mediante el coeficiente de
coincidencia (JMC - joint maching coeficiente)

Smooth Joint Rough Joint (Matched)
W
(a) MC=10 (b) JMC - 1.0

JMC is 1 for completely matched
joint and two surfaces fully in Rough Joint (Mismatched)
contact.

JMC is 0 for completely W
mismatched joint and two

surfaces in contact at a few
points only. (c) JMC -0

(Zhao, 1997)

Apertura

Distancia media vacia que separa los dos lados
de un discontinuidad.

En el vacio puede contener aire 0 agua
(discontinuidad abierta) o rellena de materiales
(discontinuidad rellena).

(ISRM SM, 1978)

Filled joint

Geomecanica aplicada al minado subterraneo



Rugosidad, coincidencia
y apertura

DCE Ingenieros S.R.Ltda.
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Relacion

= Una baja coincidencia esta asociada con una alta
apertura.

= Un discontinuidad rugosa y bajo JMC
generalmente posee mayor apertura que una
discontinuidad lisa y bajo JMC.

= Una discontinuidad rugosa con alto JMC luego de
un movimiento de corte genera un estado de bajo
JMC y gran apertura.

(ISRM - Zhao, 2016)

Geomecanica aplicada al minado subterraneo

Efecto en las propiedades de resistencia

La rugosidad y la apertura controlan la
resistencia al corte y el movimiento por corte,
es decir, la estabilidad o el deslizamiento de un
bloque.

Una discontinuidad abierta tiene baja
resistencia al corte. También esta asociada el
flujo de agua.

El material de relleno afecta la resistencia al
corte y la deformabilidad de la discontinuidad.




Tilt test

. DCER Ingenieros S.R.Ltda.
(campo y laboratorio)
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(V3

Q’)b = median | tan™ T tan ﬁ':l,...,ﬁ

¢, = median f_,; 5.  (ISRM - SM, 2018)

TABLE 6.11 Basic Friction Angles ¢, for Different Rocks
Rock Family Rock Type ¢ Dry (Degrees) ¢ Wet (Degrees)
i ; £, Sedimentary Conglomerate 35
i * L ale
= i, AR e Chalk 32
w - ‘v?”w"‘mu # _|fr
Limestone 3137 2735
Mudstone 31-33 27-31
Sandstone 2635 25-34
Shale 27 N
=
Siltstone 31-33 27-31 8
Basalt 35-38 3136 «@
1. Tests performed on a cylindrical 2. Tests performed on square . 8
o Dolerite 36 32 g
sample longitidunally cut based slabs ~
Coarse-grained 31-35 31-33 -
granite
Fine-grained 31-35 29-31
granite
Porphyry 31 31
Metamorphic Amphibolite 32
3. Stimpson type tests 4, Tests on discs Gneiss 26-29 23-26
Schist 25-30 21
(Xia-Ting, 2017) Slate 25-30 21

Geomecanica aplicada al minado subterraneo



Corte DECE Ingenieros S.R.Ltda.

d i reCtO Geomecdnica en Mineria y Obras Civiles
- $ ) Peak - )
b c (ISRM - Zhao, 2016)
5 £
= constant normal stress s
o L | constant normal stress
2 a
7] @2
(=]
Residual ®
£
o
4
- -
Shear Displacement Shear Displacement
'y
Normal | Peak shear | Residual shear Peak normal T
stress strength strength displacement at
shear displacement
o, (MPa) 1, (MPa) 1, (MPa) 5, (mm) 5. (mm)
0.2 0.35 0.12 1.14 1.98
04 0.67 0.23 1.21 2.22
0.6 0.95 0.35 1.05 2.04 Residual
0.8 1.16 0.47 1.37 2.70
1.0 1.32 0.58 1.26 2.59 Un -
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Elasticidad discontinuidades
(laboratorio)

DCE Ingenieros S.R.Ltda.
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h

Compression

Rigidez normal (k) y cortante (k)

_— g e —— . ——
— ﬂ.Mn
1

M
— L] =i[t
/// e e Vo - Relative normal

=
=
Il
=
Normal stress ¢’

Tension 0

displacement u,,

Half Balls 2NN NN

(Zhang, 2017)
Sasgm Ar |
T e |
PR Aug 31
y Idealised asperities J ky
Prisms and contacts in 2D : : - .
Relative shear

displacement i

Load-displacement JCS =157 MPa, JRC+7.6
P Block P-d
@ of rock block P Solid rock Interlocked joint Mismatched joint

P, Load-displacement

6b of joint interface /
av, /!

7/

- Op S
'd
bc bc » - /I
4

2 -
— I r” el O TS | 1
0.02 004 006 008 010 0.2 0J4 0.6 0.8 020 0.22 024 0.26
Normal deformation, AV (mm)

(Bandis, 1983)

0

(ISRM - Zhao, 2016)
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¢ Donde recopilar
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los datos?

Geomecanica en Mineria y Obras Civiles

Mapeo de exposicion rocosa

nes en la

Geomecanica aplicada al minado subterraneo
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La presencia del agua en el
macizo rocoso

DCE Ingenieros S.R.Ltda.
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Agua

, DCER Ingenieros S.R.Ltda.
subterranea

Geomecanica en Mineria y Obras Civiles

Nivel freatico:
Es el nivel bajo el cual la masa rocosa
se encuentra totalmente saturada

Agua subterranea:

Entender el movimiento del agua en el
macizo rocoso que ocurre bajo el nivel
freatico

Rocas igneas y metamorficas tienen
muy bajar permeabilidad. Algunas
rocas sedimentarias (areniscas,
conglomerados) pueden ser porosas y
permeables.

Masa rocosa es fracturada. Las
fracturas proporcionan un camino para
(Fetter, 2014) el flujo. La masa rocosa es permeable

Geomecanica aplicada al minado subterraneo



Porosidad y

DCE Ingenieros S.R.Ltda.

pe rmeabi I id ad Geomecdnica en Mineria y Obras Civiles
Ineffective Porosity
100V, n  porosidad (porcent’aje)
n=T V, Volumen de los vacios
V' Valumen total
Effective Porosity
Primary porosity

(b) sand porosity reduced by
admixture of fines or
cementation

(a) unconsolidated well-sorted
sand; high porosity

Secondary porosity

(¢) Consolidated rock
rendered porous by
fracturing
e.g. crystalline basement

(d) Consolidated fractured
rock with porosity
increased by solution

Geomecanica aplicada al minado subterraneo

Permeabilidad:
Capacidad para transmitir
fluidos (agua)

Total Porosity > Effective Porosity

no unconnected
pore spaces pore spaces

connected
pore spaces

non-porous porous porous

non-permeable non-permeable permeable



Porosidad y
Permeabilidad (cualitativa)

e, L3
o ()
Zlb B
%
7
&
* 7962 *

)
(4

DCE Ingenieros S.R.Ltda.
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2
Lis’
2

'

= Zona fracturada alta continuidad lateral (discontinui
= Medio poroso baja continuidad lateral (roca intacta)

a) Puramente fracturado: porosidad y

dades)

Porosidad y permeabilidad masa rocosa:
Flujo principalmente por las discontinuidades.
La interconexion entre las discontinuidades,
espaciamiento, apertura y orientacion decide
la porosidad y permeabilidad

Unfractured

Fractured .
—— 3 Volcanicrock

Solid

Fractured

Intrusive igneous and metamorphic rocks
Unfractured

Limestone with cavernous openings

permeabilidad solo por fracturas, bloques
de roca intacta no permiten el flujo.

|

' Limestone rocks

Limestone without cavernous openings

Mudstone
b) Porosidad doble: fracturas y bloques de  |[BindmEre lifenert | sandstone
roca intacta permiten el flujo. — O gloMerate
c) Medio heterogéneo: fracturas rellenas, la e Gacial il Silt and clay
posibilidad de flujo de las fracturas se Unconsolidated ———
reduce. materials — Gravel
0 10 20 30 40 50 60 70

Percent porosity (Earle, 2019)
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Conductividad .
B2\ . DCE Ingenieros S.R.Ltda.
N)"o.,m. Geomecanica en Mineria y Obras Civiles

hidraulica (cuantitativa)

K  conductividad hidraulica Conductividad hidraulica:

v
K = dh—/dl V' Velocidad fluido Capacidad de un material para
transmitir un fluido (agua)

dh/dl gradiente hidraulico

Rock mass permeability, k2 m/s
107%  107° 107 1077 10°¢ 1075
T T

0 Vall I:: Val
b /7
— K?rst Iimjestcnne| -/ /{ ; A
L/ s
—— Permeable volcanics —— : % ?{;; :
Rocks Jointed igneous and n :
lmetamlorphlc rocks : o i ) Empirical function
_ | Limestone and __| S0 i S g “=i3;§§g}.2§§;‘;"°9 2)
dolomite —0.167(log z)°
Sandstone :
Unjointed igneous and _| £ 71
meiarnorphilc rocks £ -
ShafT S 100 [
__L Unweathered _| | Efecto de la
marjne cla - | i
Glacial till Soils | profundidad
Silt, loess il
Silty sand — ok i l
~Clean sand ——— : 1
|Gravef| I
|
10713 107" 107° 1077 107° 107 107
(Palmstrom, 2015)

Hydraulic conductivity, k: m/s
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Clasificacion hidrogeoldgica de las

. , . DCE Ingenieros S.R.Ltda.
formaciones geoldgicas
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3 la yers
aquitard

| Unfractured igneous & metamorphic rock
]

cry:)tg i M Weathered gabbro || .
ks ! lWeathered granite [ | a) Aq u |fe ro:
Permeable basalt | FormaCIén geoléglca

saturada con agua buena
conductividad hidraulica
(mayor 105 ms™")

sedimentary
rocks

unconsolidated

b) Aquitardo:

(1661 ‘Zemydg g 0diuswoq ‘opedlipojy)

sedimentary Fine sand |
i Medium sand | ‘s P
materials o Formacion geoldgica con

insuficiente conductividad
hidraulica (10-1%a 10 ms™")

0™ 10" 10 10" 10" 10° 10® 107  10° 10°
Hydraulic conductivity (m/s)

c) Acuicludo:
Impermeable muy baja
conductividad hidraulica
(menor 10-1 ms*1)

(Earle, 2019) | Granite K= 1071
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Presion de

DCE Ingenieros S.R.Ltda.
poros
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s (NNEr Wedge m— m 11 Transition zone 1 mm Outer wedge m——————

2]

Presion de poros (u)
= Presion del agua subterranea dentro de
la masa rocosa.
Hoa = Es0enelnivel freatico, + por debajo y
02 - por encima.
= Puede ocurrir entre los espacios
intersticiales (porosidad primaria) o en
las fracturas abiertas (porosidad

Depth [km]

3 secundaria).
g
a
10
,  Normalized pore p 0 A*
50 40 30 20 10 o0
0
Strike-slip fault Outer ridge :
T/ o
T 5- i
=,
s | o N — .
g e
e Positive polarity
10- lower decollement ~ ~_ — =, @0\0 L
7 P .\‘\0
RO
Bending of crust surface ) P & (,'o“\\@{\
I U T T T T T T
50 40 30 20 10 0 Front View Side View
(Takeshi, 2014) Distance from deformention front [km] (Yang, 2017)
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Efecto del agua subterranea

y de la pl"esi()n del agua DCE Ingenieros S.R.Ltda.
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El agua subterranea es importante en la
geomecanica

i.  Lapresion de agua es un campo de
esfuerzos, por tanto, contribuye con el
campo de esfuerzos in situ (esfuerzos
efectivos).

i. Elagua subterranea modifica los
parametros de resistencia de la masa
rocosa (roca intacta y
discontinuidades). Ejemplo la friccion.

ii. Cuando el agua esta presente, la
ingenieria se torna mas compleja. Por
ejemplo, es mas complicado la

realizacion de un tunel en condiciones = Considerar el secuenciamiento del minado (tajeos
de flujo de agua y alta presion de agua. condiciones drenadas)

(ISRM - Zhao, 2016)
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Mediciones de esfuerzos in
situ en Peru
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Esfuerzos DECE Ingenieros S.R.Ltda.

|n s |tu Geomecdanica en Mineria y Obras Civiles
Rock stresses
In situ (virgin) stresses Induced stresses
(Mining, excavation, drilling, pumping,
injection, energy extraction, applied
loads, swelling, efc...)
Gravitational Tectonic Residual Terrestrial
stresses stresses stresses stresses
(Flat ground surface and * Diagenesis + Seasonal tp° variations
topography effect) * Metasomatism * Moon pull (tidal stresses)
* Metamorphism + Coriolis force
= Magma cooling * Diunal stresses
= Changes in pore
pressure
(Amadei & Stephansson, 1997)
. A AN Active tectonic Remnant tectonic
— N o TR stresses stresses
i, P A o e / \ Same as residual but tectonic
= ::%2—‘ KN Y activity is involved, such as
QST %'&5' AHRREX] Broad scale Local folding, fautting, jointing
e, el vt ! * Shear traction * Bending and boudinage
: = ' e * Slab pull » |sostatic compensation
along set Il fractures Ra: L * Ridge push * Downbending of
» Trench suction lithosphere
* Membrane stress * olcanism and heat flow
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eSfUEI'ZOS Geomecdnica en Mineria y Obras Civiles
a Sl - b
A
/_"'“:32
= o % |dealizacion
- 1L
=B £ e | Sv=p-g-z
(Heidbach, 2018) ‘
O,; Op O c, 0 0
G =10, O, Oy a=l0 0 0 / Sk
max
031 O3 Oy 0 0 o
>
Shinin
y
S _ Sy 0 0
i S = 0 SHmax 0
2 0O 0 S§;.
Sl (Heidbach, 2018)

|
0 50 100 150 200 250 300
(Lund, 2007) Azimuth
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Mapa mundial de esfuerzos +

. ”Z"{ DCE Ingenieros S.R.Ltda.
TI pO de datOS a.,m. Geomecdnica en Mineria y Obras Civiles
A= : ;A,—" - * s ’ e e S
MethOd &%, ) L de W = X NG -\ “‘1\1‘ g‘:‘ moI:l]::: Symbol Observation of P wave
focal mechanism sl distamce first motion pattern

? borehole breakouts [i&s =~
"7 drill.induced frac.  fi3
/ overcoring
/e/ hydro. fractures
/ geol. indicators

Regime
ONF ©SS eTF o U
Quality

i.  Rotura de pozos y fracturas inducidas por
perforacion.

ii. Mecanismos focales de terremotos.

ii. Data geoldgica joven (analisis de
deslizamiento de fallas).

iv. Mecidiones de esfuerzos in-situ (overcoring,
fracturamiento hidraulico, etc)

0.000 0.010 0.020 0.030

T T T T T T T
0 50 100 150 200 250 300
Azimuth

(Heidbach, 2016)
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Mapa mundial de esfuerzos

;. . DCER Ingenieros S.R.Ltda.
Régimen y calidad
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hmin Hmax

- T

Normal Faulting (NF) Strike-Slip (SS) Thrust Faulting (TF)
Sv > SHmax > Shmin SHmax > Sv > Shmin SHmax > Shmin > Sy
.. Lacalidad de data varia de entre el tipoAal tipo E.  ¢3lidad Variacién S,
ii. EltipoArepresenta el dato de mayor calidad y el A $15°
tipo E representa el dato de menor calidad. B +20°
_ _ C + 25°
ii. Engeneral los datos con calidad tipo A, By C son .
considerados confiables para ser usador en los D 40
analisis de patron de esfuerzos. E Mayor + 40°

(Heidbach, 2016)
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Mapa mundial de esfuerzos
Analisis de la data
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Q

£

S,
3,

$3q 120

QO
2
®
2

Stress indicator type A-E A-C
Focal Mechanisms Single (FMS) 30,341° 26,730°
Focal Mechanisms Inversion (FMF) 1287 1132
Borehole Breakouts (BO, BOC, BOT) 6301 2962
_Drilling Induced Tensile Fracture (DIF) 941 430
Hydraulic Fracturing (HF, HFG, HEM, HFP) 907 341
~Geological (GFL_GFM, GFS. GVA) 1601 704
Overcoring (OC) 927 88
~Other (BS, FMA, PC, SWB, SWL, SW3) 565 73
Sum 42,870 32,465

number of A-C quality stress data records (total n = 20,757)
2000

0 1000 3000 4000 5000

40
depth [km]

(Heidbach, 2018)

13.9 % D-quality
10.4 % E-quality
3.7 % A-quality
4.0 % B-quality

number of A-C quality stress data records (total n = 5,621)
500 1000 1500

L A L 1 L L

B FMS
’ G
.~ BO
3 - DIF
'HF
4 ~ GFIGVA
B Other
5
depth [km]
500 _—
| grey bars — white bars
r=100 km, n = 3,621 - r=25 km, n = 1,529
400 7| mean deviation 25.4° . mean deviation 21.9°
300 — 74 % are within 82 % are within
+ 25° deviation L —  *25° deviation
200 — ] L
i e=nnl _Jﬂﬂﬂ
o EEHA ] I e |
-90 -70 50 -30 -10 10 30 50 70 90

SHmax deviation of data pairs
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2. 190255 Geomecanica en Mineria y Obras Civiles

Mapa mundial de esfuerzos
Peru

149 datos

Profundidad (Km)

0 10 20 30 40 50 GO0 70
Mamero de datos
Calidad R FM Fuente
. 36%
7% .
o E
Method gO//g D
/e/ focal mechanism 51% A8%
AR <
3 e racures Geo
geol. Indicators . e
| Regime La vision a largo plazo es pasar de una data puntual
Quality e incompleta a una descripcion 3-D continua del
A —_— .
5 — tensor de esfuerzos a diferentes escalas.
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Recopilacion de mediciones
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Ejemplo - Canada
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oy =227/02 Fisher ooy SHloh

Concentrations
% of total per 1.0 % area 0

0.00~ 1.00%
1.00~ 2.00 %
200~ 3.00% 200
300~ 4.00%
400~ 5.00%
5.00 ~ 6.00 % 400
6.00~ 7.00 %
E
I

N

200 Q 200

© old 400 400
@ new

7.00~ 8.00 %

b b 600 ) —mean 600 - o

600 -

(o]
o0l © o ©0O

No Bias Correction 800 - 800 800 -

Max. Conc. = 5.4378% &
Q

= 199 1000 o 1000 0@ 1000 -

Kol

Lower Hemisphere
199 Poles —_ —_

199 Entries M »
mediciones
o, = 310/08 o 1400 —2S2 1400 & 1400 @

% of total per 1.0 % area 1600 B 1600 | 1600 d)
-8 g o
200~ 3.00% 1800 - 1800 1800
3.00 ~ 4.00 %

4.00 ~ 5.00 % ’ Gb

600-:600% 2000 a‘ﬁ 2000 - 2000 *m(u

7.00~ 8.00%
8.00~ 9.00% 2200 2200 2200

9.00~10.00 %
@

o E 1200

1200 -

1200 -

Depth {(m
Depth {m
Depth {(m

2400 2400
oo, =-0.0004z + 2.315 045, = -0 0003z + 1 661 owlon=-0.00005z + 1.144

1 1 | 2600 ° | 1 | 2600 P 1 1 1

Max. Conc. = 5.3252%

No Bias Correction 2400 l

Equal Angle 2600
Lower Hemisphere
199 Poles 100 =
199 Entries

80 40 -

03 =270/88 o

Concentrations
% of total per 1.0 % area

»
w
o

0,00~ 1.00%
1.00~ 2.00% 60 =
200~ 3.00%
300~ 4.00%
400~ 5.00%
500~ 6.00 %
6.00~ 7.00%
7.00~ 8.00 %
800~ 9.00%
9,00 ~10.00 %

N
o
I

40 L T

Frequency

)
"

-

=]
I

No Bias Correction
Max. Conc. = 9.7427%

300 600 900 1200 1500 1800 2100 2400 =>2400

Lower Hemisphere

Transformed Vertical Stress (MPa)

20 ~ .
%
=

199 Poles 0
199 Entries 0 20 40 60 80 100 Depth (ITI)

Expected Lithostatic Stress (MPa) (MIRARCO’ 201 5)
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Best Estimate Stress Integrated Final Rock
Stress Model Measurement Stress Stress Model
Methods Determination
BESM SMM ISD FRSM
E Estimation of @ o Hydraulic fracturing |SD Model
'.E classes of stress _E T HTPF ] )
g 8 3 % Sleeve fracturing Hydraulic fracturing
a E World Stress Map 52 Borehole relief gg_gmg
Database Borehole breakout fooal s
s -E fauit sfip analysis
arp gy n ASR, DSA, DSCA, others
i S DWVA, WVA, DIF
S Upift % Core Disking Numerical
& subsidence SE KalasrSEES Modeling
E Earthquakes rock mechanic
Litholog = parameters
D rock 'Jr'.‘-'":; FIS, MIS, RIS boundary conditions
2 extension geomelry
2 orEeae software (BEM, DEM,
E anisotropy ".‘;&Q FEM, efc)
8 °
B Stress Decoupling m\'b
8 — LS
2 Geological Q_Q\cb Stress [MPa]
E. Structures D'b L 20-30
[=] fauifs L] 30-40
= veins
aykes 40-50
fracture zone
Jjoints | 50-60
60-70
Borehole Data } i
stability 70-80
e .E breakout .
a5 fauwlt slip analysis
o o rock qualty
.E 5 groundwater
[
@& CoreData
core disking
fawuit slip analysis
Integrated
(1) Existing Data (2) New Data Data (4) Final Data (Stephansson, 2012)
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Caracterizacion

—>

Clasificacion RMR

'

Q, RMR, GSI ?
Rock mass rating (RMR)

Uniaxial compressive strength (UCS) of intact| rock material
Rock quality designation (RQD)

Joint or discontinuity spacing

Joint condition

Groundwater condition

Joint orientation

Clasificacion

AR S

Sistema Q
Q= [RQD/JHHJr/Ja“JW/SRF]

RQD = Degree of jointing (Rock Quality Designation)
]

n = Joint set number
J, = Joint roughness number
J, = Joint alteration number

J, = Joint water reduction factor

SRF = Stress Reduction Factor

TABLE 6.1 Strength of Intact Rock Material

Qualitative Compressive strength Point load strength

descriptior . . .. lating
Extromely o Aplicaciones practicas en E
Very strong ingenierl’a 12
Strong

Medium stre . ;o l
——— |,  Estimar aberturas maximas de =~ —
Very weak las excavaciones. -
Extremely w )

e 11, Estimar tiempo de auto ot
rourees B sostenimiento.
TABLE 8.2 Jo
—= jii. Dimensionar el sostenimiento.
B One joir E
——— iv. Estimarlas propiedades dela =
£ Twojoir masa rocosa. o
F Three jo 05
G Three jo -
random ’ o
e Parametros de entrada para el
g€ disefio de excavaciones rocosas. —
J Crushed 1 oon, caruimnne Zu

n3m.

J,=0.5 can be used for planar, slickensided joints having lineation, provided the

liny favorably oriented. ), and | classification is applied to the joint set
t s |

or ity tha
of orientation and shear resistanci

For intersections use (3.0 - Ju). For pDﬁa|S use (2.0 - J). least favorable for stability both from the point of view
e, T.

Source: Barton et al., 1974. Source: Barton, 2002,

Geomecanica aplicada al minado subterraneo



Clasificacion geomecanica
GSlI

. Nace 1992 — 1994 gracias a los trabajos de David
Wood y Hoek.

ii. EIRMR era usado para calcular las constantes del
criterio de H-B. EI RMR esta influenciado en gran

magnitud por el RQD que es practicamente 0 para GSlI
macizos rocosos débiles, por ello, el RMR era o |
complicado de aplicar a macizos de rocosos de baja Criterio de falla H-B

calidad. La correlacion entre el RMR y las A

constantes m, y s del criterios de H-B no resultaban

razonables para macizos rocosos fracturados. Prqp;eda.deg dle dP][op|ed§(’1es(jd<T
iii. Hoek (1994) afirm6 que los parametros de agua y resistencia ge a etormacion de fa
masa rocosa masa rocosa

correccion por orientacion de discontinuidades del
RMR se tratan explicitamente en analisis numéricos
de esfuerzos efectivos, es decir, la incorporacion de
estos parametros en las propiedades de la masa
rocosa no es apropiada.

Iv. Se necesitaba un parametros que sirviera de puente
entre la descripcion geologica de la masa rocosa y
el criterio de falla H-B. (Zuo, 2020)

Geomecanica aplicada al minado subterraneo

Basado en dos factores fundamentales la
estructura y condicion de discontinuidades.
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(Hoek & Marinos, 2000)

GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)
From the lithology, structure and surface
conditions of the discontinuities, estimate
the average value of GSI. Do not try to
be too precise. Quoting a range from 33
to 37 is more realistic than stating that
GSI = 35. Note that the table does not
apply to structurally controlled failures.
Where weak planar structural planes are
present in an unfavourable orientation
with respect to the tion face, these
will dominate the rock mass behaviour.
The shear strength of surfaces in rocks
that are prone to deterioration as a result
of changes in moisture content will be
reduced is water is present. When
working with rocks in the fair to very poor
categories, a shift 1o the right may be
made for wet conditions. Water pressure
is dealt with by effective stress analysis.

STRUCTURE

SURFACE CONDITIONS

:
3

Rough, slightly weathered, iron stained surfaces

GOOD

SURFACE QUALITY

Slickensided, highly weathered surfaces with compact
coatings or fillings or angular fragments
VERY POOR

POOR

Slickensided, highly weathered surfaces with soft clay

coatings or fillings

i

/ INTACT OR MASSIVE - intact
rock specimens or massive in
/ situ rock with few widely spaced

discontinuities

BLOCKY - well interlocked un-
disturbed rock mass consisting
of cubical blocks formed by three

intersecting discontinuity sets

\ ® VERY GOOD
O Very rough, fresh unweathered surfaces

S
8

k\

N/A

\:

3

VERY BLOCKY- interlocked,
partially disturbed mass with
multi-faceted angular blocks
formed by 4 or more joint sets

N
T

GSI FOR HETEROGENEOUS ROCK MASSES SUCH AS FLYSCH T $
(Marinos. P and Hoek. E, 2000) - @ g = 3 g @
From a descnption of the ihology, structure and surface conditions (particutarty % 2 § i ‘33
of the bedding planes), choose a box in the chart. Locate the position in the box P % : §~~§ gs
that corresponds 1o the condition of the discontinuities and estimate the average 5 ? g = 3 El 5
value of GS! from the s. Do not Wt 10 be too p Quoting a range S 3 3 : §
from 33 to 37 is more realistic than giving GSI = 35, Note that the Hoek-Brown g;ﬁi g § g § E §
criterion does not apply 1o structurally controlied failures. Where unfavourably Z= > g - i : b - g § g
oriented continuous weak planar discontinuities are present, these will dominate 8 S n ’ﬁs§ ® a = -
the behaviour of the rock mass. The strength of some rock masses is reduced by § §§ 3 s |5 S 55‘
the presence of groundwater and this can be allowed for by a slight shift o the 35 a ‘¥ mg > 2 £
right in the columns for fair, poor and very poor conditions. Water pressure does to 5 E g’é ,8§
not change the value of GS1 and it is dealt with by using effective stress analysis g:Q& E‘i § %g §§§8‘ x§5
COMPOSITION AND STRUCTURE act | 88 | 8% £F |EG8E|5E3

A. Thick bedded, very blocky sandstone / / /

The effect of pelitic coatings on the bedding 70

planes is mini d by the confi of

the rock mass. In shallow tunneis or slopes

these bedding planes may cause structurally 60

controlied instabdity. o

E Weak /
~| B. Sand- C. Sand- D. Sittstone | sistone 0

stone with stone and or silty shale or clayey V B D

thin inter- siltstone in with sand- . /| shale with

layers of simiar stone layers sandstone

siltstone amounts layers -

% <

C.D, E and G - may be more or \ : )
less foided than lustrated but “| F. Tectonically deformed, intensively 30
this does not change the strength o folded/faulted, sheared clayey shale
Te deformation, faulting and | or siltstone with broken and deformed
loss of continuity moves these ’ sandstone layers forming an almost
categories to F and H e chaotic structure / U

G. Undisturbed silty 24 | H. Tectonically deformed silty or

or clayoy shale with _,._ || clayey shale forming a chaotic . -

or without a fow very ¢ structure with pockets of clay.

thin sandstone layers N, Thin layers of sandstone are

: __,','\-, ‘| transformed into small rock pieces

ey BLOCKY/DISTURBED/SEAMY
laitiey’. I

2 of bedding planes or schistosity

NN

N
N

d DISINTEGRATED - poorly inter-
locked, heavily broken rock mass
with mixture of angular and
rounded rock pieces

<= DECREASING INTERLOCKING OF ROCK PIECES

/

LAMINATED/SHEARED - Lack
of blockiness due fo close spacing
of weak schistosity or shear planes

/

f

i

(Marinos, 2017)

Debido a la falta de parametros que puedan ser medidos
el uso del GSI puede ser propenso a la subjetividad

Geomecanica aplicada al minado subterraneo
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Grafico del GSI (Sonmez & Ulusay, 1999) Er R e

1004 BLOCKY [ VE TBD]  DISINTEGRATED_ Ratg ot 8 "% . ' ¢
\ . 90— Ram(y Voo <Spm ’?,"""" :;:" ’:?"
Define dos factores: g o senemn
o 10 € -
L4 £ £ £ §
= Valoracion de estructura (SR) 3 % il I
Y Y . g : AR
= Valoracion de condicion de superficie (SCR) i \H : g_é IRk
@ 20 & Z H fg; ‘g
': . §§ g%i 1% g g § gg
— . 0.1 1 10 10° 0 10 gfg £3 E3 ] =§
LS‘CR _ Rr —I_ Rw —I_ Rf Volumetric joint count, J,(joln'lm’) SURFACE CONDITION RATING, SCR
TP PY T Tty
00— I AT
‘ BLOCKY | VB |BD DISINTEGRATED 7 7] BLOCKY-very well interlocked ”6/ / :
100 ~ QQT undisturbed rock mass consisting 90- / .
- \./3’\, o:t:ubical Ift:’rimed :ytll;l;ee ' ol
90 \5 | orthogonal discontinuity sets 13
N NS 80
M 80’ \ 5:’-15 -
70 B57057] VERY BLOCKY-interlocked 270 - (i
- Ry > partially disturbed rock masswith 5 . | i/t i/ i/
&D multifaceted angular blocks formed & v d [
5 60 { by four or more discontinuity sets goc- Lot fi
= ]
5 i &
= t
5 40 : BLOCKY/DISTURBED-folded 455
5 332 and/or faulted with angular blocks 40-]--
= 30 formed by many intersecting f
] * #&25  discontinuity sets 38|/
w120 30--
10 | | 2. E
DISINTEGRATED-poorly inter- i b
0 =l ‘ A locked, heavily brz::n ¥o:k :nass 16-]--i-
A]  with a mixture or angular and :
0.1 1 10 10° 10° 10% 1 rounded rock pieces 10-f-
... .. 2 § it g bt geofeide
Volumetric joint count, Jv (joint /m3) NANINANENY, /:
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Grafico del GSI (Cai, 2004)
En funcion de dos factores: o 3
= Factor de condicion de la discontinuidad (J,) | | P B sE| iz
C Joint set 1 E gl = 38| %
=4 g E % " S s o n
= Volumen del bloque (cm?) / // // A RIS
L 7 Joint set 2 £ 5 t $8[_ 38
= BY ® E & -] =
s . \l/‘n/ Block Size 28 (o5 gELEE g€ %
v A 5 |525|sE2ssE|52¢
x e Ilinterlocked == | |5 RIEF2|=5 2
§142453 ray st rock mass blocks formed 7 10E46
vb — - S \/: 3|/ by three or less discontinuity sets 0 % ,f ;, ;! ,’ ;‘
. . ' 2 /" . with very wide joint spacing 1 LT A
S1n :"1 s1n :‘,2 s1n :‘,3 v .:‘_/Jomt et | sone spacn > 100em 100 em / . 1E+6
1

of cubical blocks formed by three

orthogonal discontinuity sets
M Joint spacing 30 - 100cm a0 _| / ﬁ
S1 30 cm 2

1 90 o
S Blocky - very well interlocked a0 _/ $
" undisturbed rock mass consisting 70 T /

/ // (1m®)
/ 100E+3

Table 6.6 Terms to describe small-scale smoothness Js (Palmstrém 1995) Very Blocky - interlacked, partially / / / / =
disturbed rock mass with multifaceted 10E+3 ©
Smoothness Description Rating for angular blocks formed by four or moré™ | / / ;
terms smoothness Jg discontinuity sets =
- . L. . Joint spacing 10 - 30cm 35 )
Very rough Near vertical steps and ridges oceur with interlocking effect |3 10em 1000 E
on the joint surface Blocky /disturbed - floded and/or — / ’{ / (1dm?) %
J‘ WJ l:'.' Rough Some ridge and side-angle are evident; asperities are 2 faulted with angular blocks formed by 5 =
JC [ clearly visible; discontinuity surface feels very abrasive many intersecting discontinuity sets / / 5
J‘ (rougher than sandpaper grade 30) Jotnt spacing 3 - 10cm 5 / 0 100 E?
A Slightly Asperities on the discontinuity surfaces are distinguishable | 1.5 3 / / / / 13
rough and can be felt (like sandpaper grade 30-300) . 1 poorly interlocked, / én / )
Smooth Surface appear smooth and feels so to touch (smoother 1 heavily braken rock mass with a 2 / 10
than sandpa de 300 mixture or angular and rounded
- ‘nsn‘ppergrae‘ ,) - . p rock pieces
Polished Visual evidence of polishing exists. This is often seen in 0.75 Joint spacing <3cm
coating of chlorite and specially tale lcm ; - / 1
1 7 1
Slickensided Polished and striated surface that results from shiding along  [0.6-1.5 Foliated/laminated/sheared - thinly [N A
a fault surface or other movement surface laminated or foliated, tectonically sheared | 5 L7 ,’ : ,’ :5
weak rock; closely spaced schistosity 7 ) I n '
prevails over any other discontinuity set, L y ] N 0.1

26.548.79InJ,.4+0.9In Vy resing in complete ackof blockiness 1, 5 1; 067 025 o009
GSI = 1 +0.01511nJ 0.02531nV, e Joint Condition FactorJc
. e — L
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Grafico del GSI (Hoek, 2013)

GSI = 1.5 x Jeondgs + RQOD /2

35J, /1.
(1+J,/Ja)

Jcondse =

> length of core pieces

100
Total length of core sun 8

ROD =

ROD = 100e”'*(0.14+ 1)

GEOLOGICAL STRENGTH INDEX (GSl)
FOR JOINTED BLOCKY ROCK MASSES

From the lithology, structure and obsarved
discontinuity surface conditions, estimate the
average GSI based on the descriptions in
the row and column headings. Alternatively,
from logged RQD values and Joint Condition
ratings (from Bieniawski, 1989), estimate
GSI=1.5JCondg+ RQD/2 based on the
scales attached to the chart axes.

For intact or massive rock with GS1> 75,
check for brittle spalling potential. For
sparsely jointed rock with GSI > 75, failure

will be controlled by structurally defined blocks
or wedges. The Hoek-Brown criterion should
not be used for either of these conditions.

This chart applies to tunnels of about 10 m
span and slopes < 20 m high. For larger
caverns and slopes consider reducing GSI
to account for decreasing block interlocking.

STRUCTURE

SURFACE CONDITIONS

o
N
(2}

R
mooth, moderately weathered and altered surfaces

Very rough, fresh unweathered surfaces
Rough, slightly weathered, iron-stained surfaces

VERY GOOD
POOR

GOOD

£

REASIN

@

SURFACE QUALI

Slickensided, highly weathered surfaces with soft clay

Slickensided, highly weathered surfaces with compact
coatings or infillings

3 woatings or fillings of angular fragments

;

VERY POOR

BLOCKY -well interlocked
undisturbed rock mass made
up of cubical blocks formed by
three sets of intersecting joints

| VERY BLOCKY - interlocked,

"D | partially disturbed rock mass,
Ao multi-faceted angular blocks

formed by 4 or more joint sets

| BLOCKY, DISTURBED/SEAMY
4 -folded with angular blocks formed
by many intersecting joint sets.
7| Persistence of bedding planes or
~ov] schistosity

<~ DECREASING INTERLOCKING

1017 7| DISINTEGRATED - poorly inter-
) locked, heavily broken rock mass
.| with mixture of angular and rounded

=k > rock pieces

\\oo
N

0
//’

2

7

&

&

45

40 35 30 28 20 1

1.5 JCond,,

>
~/
V4
5 10 5 0

40

kL

5

RQD/2
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Use of GSI to reduce strength
of samples with defects such
as micro-fractures and veins

[

Intact rock - do not use GSI
Use Hoek Brown to check
for tensile and shear failure

N

Single joint - do not use GSI
Model joint explicitly and use
Hoek Brown for intact rock

>

do not use GSI. Model
joints explicitly and use
Hoek Brown for intact rock

N \’I’ SVeN

{. '\:\‘.\2&\’”’. ?‘\
SO .

AT e tey

24
SISO NGNS
&&’&\’0’,}2

O S

N STRINKY
~e, SRR
RRIIIRN

Blocky rock mass with minimal
anisotropy - use GSI with caution

Heavily jointed rock mass
Use of GSI is appropriate

Geomecanica aplicada al minado subterraneo

Un supuesto fundamental del criterio de
falla de H-B para la estimacion de la
resistencia y deformacion de la masa
rocosa es que la deformacion vy la falla
estan controladas por deslizamiento y
rotacion de los blogue de roca intacta.

En un minado a gran profundidad (mas de
1000 m) la masa rocosa esta confinada
por los altos esfuerzos y la masa rocosa
se asemeja a la roca intacta.

En este ambiente de altos esfuerzos los
procesos de falla de la masa rocosa estan
dominados por la falla fragil (spalling,
slabbing y estallido de roca).

En tales condiciones el valor del GSI
tiende a 100 y su aplicacion para estimar
las propiedades de resistencia y
deformacién de la masa rocosa pierden

sentido.
(Zuo, 2020)



~ S

Recopllacmn de data»" Z ~¢ o N DGR Ingenieros S.R.Luda.
geomecan Ica : 5 i \ ., *’ Geomecdnica en Mineria y Obras Civiles

El modelo
geomecanico




El modelo

, DCER Ingenieros S.R.Ltda.
geomecanico

Geomecanica en Mineria y Obras Civiles

Modelo geolégico Modelo estructural Modelo masa rocosa Modelo hidrogeolégico
= itologia =Estructural mayores =Resistencia y deformacion =Unidades hidrogeoldgicas
=Alteracion =Estratificacion de la roca intacta =Conductividad hidraulica
=Zona mineralizada =Pliegue =Resistencia y deformacion =Régimen de flujo
=Esfuerzos in-situ =Fallas de las discontinuidades =Nivel freatico

=Estructuras menores =Clasificaciones =Distribucion de la presion
=Fallas menores geomecanicas de agua
»Diaclasas =Resistencia y deformacion
de la roca intacta

Modelo geomecanico
=Dominios geomecanicos y propiedades asociadas,
incluyendo:
=Distribucion del material
=Anisotropia estructural
=Parametros de resistencia y deformacion
=Factores hidrogeoldgicos

(Modificado, Read & Stacey, 2009)

Geomecanica aplicada al minado subterraneo
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Geology Model
(Read & Stacey, 2009)

Rock Mass Rating

Hyarogeatogical | (ireule
K (cm/sec)
Unit A 2x10°
Unit B 1x107°
Unit C 1x107*
Unit D 3x10°¢
Alteration 5x107
Faults 2x107? —

Geomecanica aplicada al minado subterraneo
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geomeCén iCO Geomecdnica en Mineria y Obras Civiles
.= Modelo geologico Modelo hidrogeoldgico Modelo geomecanico

v 0-20
IV-B  21-30
IV-A 3140
l-B  41-50
N-A 51-60
Il 61-100

4800 m.s.n.m. 4800 m.s.n.n

-
P

4

4

EOO0OODOMN

4200 m.s f.m. 4200 m.s.n.m

4 \

. Modelo estructural

v 0-20
Iv-B  21-30
31-40
lI-B 41-50
lN-A 51-60
I 61-100

EOO0OODOMNE
<
b8

\% 0-20
V-B  21-30
IV-A 31-40
41-50
lN-A 51-60
I 61-100

EODC0O0D®
5

Sulphide
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Propiedades y caracteristicas de los materiales
naturales son intrinsecamente variables:

Incertidumbres geolégicas:

Imprevisibilidad asociada con la identificacion,
la geometria y las relaciones entre las
diferentes litologias y estructuras en los
modelos geoldgicos (contactos litologicos, fallas
mayores, aspectos geoldgicos no investigados).

Incertidumbre de los parametros:
Imprevisibilidad de los parametros en el modelo
geomecanico. Incertidumbre asociada a
parametros de resistencia y deformacion de la
masa rocosa, presion del agua subterranea.

(Modificado, Read & Stacey, 2009)

Ni preciso
ni exacto

(@)

Preciso
pero inexacto

Geomecanica aplicada al minado subterraneo

Impreciso
pero exacto

Preciso y exacto



Etapas de un proyecto y confianza
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Sugerencias del grado de confianza

Table 3 Suggested degrees of confidence 1n the rock properties for the different stages of a mining project

Project level status  Conceptual  Pre- Feasibility  Design and Operations early to mid-  Operations mature or
(%) Feasibility (%) construction life or temporary (%) permanent (%)
(%) (%)
Read and Stacey > 30 40-65 60-75 70-80 > 80
(2009)
Grenon et al. > 30 40-65 60-75 70-80 80-85 > 85
(2015)
Cepuritis and < 50 50-60 60-70 70 80 85
Villaescusa .
(2012) > (Fillion, 2019)

¢la data disponible es adecuada para la etapa actual del proyecto?

¢cuanta data adicional requiero para lograr un grado de confianza mayor?

Geomecanica aplicada al minado subterraneo



Grado de confianza - ensayos
de laboratorio - UCS
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Table 4 Confidence intervals and minimum number of specimens required to reach an 85% conlfidence level, obtained with the C/
and TLDC methods for PM14 UCS data

Metodologia de calculo:

Rock n  Data Sample cv Fillion and Hadjigeorgiou (2017)  Grenon et al. (2015)
unit distribution average - - -
confidence interval for nun Tor onndence r . min 101
CI (MPa) Confid I fi Nmin fi Confid E TLDC  Nmin f
p =135 (L, =15%) Cl 85%  interval for (%) (%) TLDC
C f.d . t | Cl =95% 85%
On I ence In erva Lower Upper I Lower  Upper
H1F . : (MPa)  (MPa) (%) (MPa) (MPa)
(Fillion & Handjigeorgiou, 2017) ‘
I 10b 29  Normal 302.4 0.29 257.3 3474 99.1 — 269.6 335.2 10.9 89.1 — I
10c 18 Lognormal 2594 040 224.6 3026 867 - 213.7 318.1 20.0 80.0 19
TLDC 4a 6 Normal 211.6 0.16  180.1 243.1 933 - 176.9 246.3 16.4 83.6 7
4f 2 N/A
Target |eve| Of data Conﬁdence 6a 12 Normal 239.4 0.17 2037 2750 989 - 213.8 2649 107 893 -
6b 5 Normal 168.8 0.22 143.6 1939 793 6 122.3 2152 275 725
(Grenon’ 2015) Ge Normal 132.2 0.15 1125 151.9 91.2 - 107.9 156.5 18.4 81.6
6h N/A
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Table 10 CI and TLDC obtained for rock unit 9a UCS laboratory test results conducted for a scoping study (2014 database) and a
prefeasibility study (compiled 2014-2015 database) undertaken for PM14 mining project

Rock unit n  Data Sample average Fillion and Hadjigeorgiou Grenon et al. (2015) —
distribution ~ (MPa) (2017) 9a - gabro
Confidence interval for Confidence interval E, TLDC
p=135(E = 15%) for CI = 95% (%) (%)
Lower Upper Ci Lower Uppﬁ[’ Table 10 €I and TLDC obtained for rock unit 9a UCS laboratory test results conducted for a scoping study (2014 database) and a
(MPE[) (MPEI) (%) (MPEI) (Mpﬂ) prefeasibility study (compiled 2014-2015 database) undertaken for PM14 mining project
Rock unit n  Data Sample average cv Fillion and Hadjigeorgiou Grenon et al. (2015)
9a 10 Lognormal  205.0 176.8 238.7 82.6 163.2 258.6 232 76.8 distribution  (MPa) 2017)
2014 Confidence interval for Confidence interval E, TLDC
p =135 (E, = 15%) for CI = 95% %) (%)
9a 28 Normal 210.6 179.2 241.9 97.7 1839 2373 127 873
Lower Upper cr Lower Upper
2014-2015 (MPa) (MPa) (%)  (MPa) (MPa)
9a 10 Lognormal  205.0 032 1768 238.7 826 163.2 258.6 232 768
2014
5 9a 2014 (Scoping study) Lognormal probability plot - 9a 2014 (Scoping study) 9 28 Normal 2106 033 179.2 241.9 97.7 1839 2373 127 873
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(Fillion, 2019)

Uniaxial compressive strength UCS (MPa) Uniaxial compressive strength UCS (MPa)
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LI 4 rgmw -
SOI UCIon a nal Itlca KI rSCh Table 11 Practical example for the probability that the compressive strength is exceeded, i.e. P (strength < 118 MPa), at the roof of
Up a circular excavation using the CI and TLDC analysis methods at two different stages of a mining project
l P l \ u, Method Project stage Distribution Average strength (MPa) Standard deviation (MPa) P(UCS < 118 MPa)
/ C/ 2014 Lognormal 1768 (5.175) 659 (0.313) 0.10

o, 20142015 Normal 170.2 68.8 0.19
1 1 8 MPa T TLDC 2014 Lognormal 163.2 (5.095) 65.9 (0.313) 0.15
/7 /<‘ 2014-2015 Normal 183.9 68.8 0.17

The results in brackets are for the log-transformed variable ¥ = In(X)
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=
o
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Esfuerzo techo = 118 MPa Uniaxial compressive strength (MPa)
(Fillion, 2019)
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“La toma de datos de entrada confinable para los disefios
de ingenieria de infraestructura en la masa rocosa es una
de mas dificiles tareas que tienen que enfrentar los
ingenieros”

Bieniawski (1984)
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