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Table 1 : Typical pr

. critical

hods of analysis and acceptability criteria for slopes.

STRUCTURE

TYRCAL PROBLEMS

CRITICAL PARAMETERS

AMALYSIS METH005

ACCEPTABRITY CRITERIA

2

Landslides

Complex failure dong 3
iredar or near drcelar
Failurs surface invelving
aldig on faults wnd
ot etrustural featunes
ar well e failure of
intact matenals.

# Presence af regomal faults,

= Sheai strength of waterials along
Fadum zarface.
= Grousduater dictrbution in dope, par-
ticulzly in response to sainfall or me
submeTgeRce e toe.

« Potertial sarthauake oading.

Limit equilibrism metheds which allsw for
non-cirtdar fallwe surfices can be used to
etimatz changes in factor of wafety 25 &
remat of drainage or slope profile changes.
Humesical metheds such = finite element
o discrete elemest analyss o8 b ubed ta
imvestigate faiure meckanied ard hiseory
of slape diplacement.

Abscbute value of Factor of safety hai IEtle
meraning but rate of change of fectee of
M-Ivunhumdtnludpa&mummuf

mdm-ﬂmn—
aeh displacanents it Skgd is the only prac-
tical means of walsating behasiour
and effectiverecs of remedial sction.

S0l or heavily jaimted
rock slopas.

Cirlar failure  aheng
ce

# §goo
thraugh ssil or heasily
Jointad rack makies,

« Heigit and angle of siops facs.

« Shear strangth of mstsriale along
Fasluee marfacs,

+ Goousdvwater distribution in slope.

« Potestial surcharge o warthquake
leading.

Tawo-dimancicaal Emit agaibrivm methods
whith intluds sutematic seaeching for the
eritieal fadure surface are wsed for para-
metsic studies of facior of sifety.
Probablity anakyses, threecimssgond| Lnt
equiibriom salyess o meenerical stress
asshins s oeeasionally vmed to imvestigate
unusual shope problems.

Factor of sa'ety = 13 for ‘“temporary”
slopes with minimal risk of damage.
Factor of safety = 15 for "paraanast
shopes with sipnificant rik of damige.
Whire diglizessnts are eritical, asmer-
ical analyses f sope defermaticn may be
tequired and higher Factors of safety will
penerally apply @ these cabes

Plarar or wedge shding
oa sne structural fes-
ture or along the line
of intersectios of twe
structuzal features.

+ Slog beight, angle and srimtation.

» Diip and strike of structoral features.

+ Graurdwater ditribution

+ Patestial earthquake lasding.

+ Sequence of meravation and supgort
Instalakian,

Limit equilibrum analyies shich daterming
theas-dimensianal sliding modes are used fo
parametric studies an facter of safety.

Fadure probability araiyses, based upon dis-

Factor of ssiety > 13 for “temparary”
ahapes mith minimal risk of dumage.
Fm-rulﬂ)->u. foe “permanent”
shoges with sigrificant risk of damage.

Probability of fadure of 10 1 15% m,b..

tribution of and shear
streagths, are usefil for somve applications.

for cpen pit mae
mﬂdunwklu&nmdmh
Fation

Wertically fointed rock
slopes .

Tapaling  of - calumns
stpwated dram the mck
mas by stesl dip
ping structural featurs
which are parallel er
neady pursllel 1o the
shops fice

® Sk haight, angle aad orientation.
+ Dip and strike of structurad featuses.
o Growvdwater distibution i slape.

» Patetial earthquake ioading.

Crude Enit squsibeuen anilyies of simpli-
fied block madels are useful for estimating
potestial for toppéing and siding.

Dizcrete slement madls o simplified slepe
peessetry can be vsed for esploving copping
failure mechansms.

Mo generally accaptable criterion e top-
pling failure & avalable although putential
fot boppling & unually ohvinus

Maonitering of dlaps digplacements i the
wnly practical means of detarmining siope
betaviour ard cifectvencss of remedial
Faiures.

Loose  bouldess o
ek shapes.

Slding, roling. falfing
and bouncng of ooz
rocks asd boslders an
the dope.

+ Geometry of spe,

+ Prsmcs of oo baulders.

» Coeficients of restitution of matenals
Tarming dope,

+ Presmar of structures to arrest falling
aad tosncing raths,

Cafeulation of trajecteriss of falling or
mncxgm:lshnu-pnnvehnkpd.m
ak each impast is generally adegsate

Marte Carc aulm of mamy trajectories
based wn waristian etﬂut gty b

Lotation of lien roch er distsitution of 3
large ausbse of fallen rocks will ghve e
Indication of the magritude of the paten-
tial meckfall pobiem and of the efeciivens
uf remedial reasures such i deipid mish,

an
dxmbunu- o fallen rocis

eatzh Fa d ditches at the toe of the
slope.

Table 2 : Typical problems, critical parameters, methods of analysis and acceptabdlity criteria for dams and Toundations.

STRUCTURE

TYPICAL PROBLEMS

CRITICAL PARAMETERS

ANALYSIS METHODS

ACCERTARILITY CRITERIA

Cireifar of nEar-cirosar
failyre of dam, par-
tieularly during  sapid
drgedoen.  Foasditisn
failre on wadk peams,
Fiping and esosica of
ore.

» Pressice of wakk o permeable saas
in fesnelstinn.

& Shawr streagth, durakility, gradation
and placement of dam cossiuction
materiaki. particularly fliers,

» Effectiveness of grout cartas and
drainage system,

= Stability of resarvoir slopes.

Seepage aaalyies &8 FEGERGI 10 datel-
ming wates prensers and velocity distribe.
ten thresgh dam aed abutmeste

Limit equilibrium metheds should be used
for parametric swdis of stablity.
Nurnesical mutheds can be used & nveti-
gt dynemic ragorse of dim daing esth-
quakes.

Safety factar 1.5 for full pool with steacy
wints seapuge; =13 fer and of ennetroction
with e ressivoin and undhsspated
foundation porewater pressures: =32 For
peohable mazimeim ood with steady stte
seapage aed =10 for full pocl with sbeady
state sespage and maximum eredible hori-

Smrhllwermm
Batavan concrete

wock o of Enud-:lun
wock. Tension creck fer-
imation at hesl of dam,
Leakage thraugh foun-
dation and shutewnts,

« Piesence of wesk or permeabie zones
in rock mass.

* Shewr wullh of interface Eabwisn
concrete ard

» Shewr stresgth afseele mass

» Effectiveness of grout curtsin and
draisage sywtam,

» Stability of reserwoir slopes.

Farametric siudies Lsing it eguilibrium
methoss choeld be weed to imvastigate
sliding ca the interface babtwmias sancrite
and rock and sliding an wiak seams I the
feundation. A lsge nusber of trial failire
surfwees, are required wnbess 3 non-circular
Tailure anabysis with automslic detectian of
critical failare dusfaces & arailabis,

auntal psusda.static seismic kading

Safety factor apsisst foundation failure
aheuild excond 1.5 for woimsal full pool oper-
ating eanditioss provided that conserative
T p— .
Safety factor > 1.3 for prabable malmim
flotd [PMF).

Safery factny = 1 for ectreme oading - max-
imum credible sarthguake snd PHF.

Arch dams.

Sheas faibare in fouss
dutios of  abutmests.
Cracking of arch due to
differential stlomants
of faundation. Leakage
through Toundations of
abutments.

= Pomsance of weale, deformabls o par-
mable zonea in rock man.

» Orientation, inclmation and  shear
stresgih of structural features.

o Effectiveress of groot cortale and
drinags pystem.

+ Stability of reservoir slopes.

Limit eqalibrosm methsds s wind for para-
matric gtudies of thrse-dimensiceal giding
modas in the feandation and abutments,

imenicnal sumerical analyses are
rm-d te dotermine streszes and displace
rrents i the concrete ach

Safety factar against foundation Failure =15
for mormal full pool epeeating

Sicge fallare mum

+ Origntation, (nebnation aad sheir
strength of structural Raatenss &
mass forming feundation.

» Presance of indinad lyare with sig-
nificamly @iferent deformation prog-
erties.

» Groundwater dtribetion in sope.

Lim# equilibinm aralyses of patential
planar or wedge fadures in the foundation
o2 in adjscant eepas ane used for parametrie
wtudias of fscber of

Mumerical analyses can b used to dater-
mins foundatien deformation, partsularly
for wnigcarapic rock masses.

Diffeseriial L
limits specifud by struetural eagineers.

rack ar il

rocks underlying fous-
datins slah.

s Shwmn!ww}mmzdmd:
materials

« Groandwate ditribation i il ce
rock fawadation.

» Foundition losding <onditiens and
potential for eartbguabe kading,

Lisnit sudibriom amalyse usng inclined
sbees and nen-gircular failure sufaces are
wsed dar parametsic stades of factor of

safey.

Musneieal analysss may b requined to
duurmine deformations, particalardy for
anisatingic Ssmsclatian matarials.

B-mr!!t cwuwﬁim shasld ot be par-
nurmal leading conditisn.

Dl'nell.lll settiemest should be weithin

Frwsin apecified by stractural eagmesrs.




Table 3 : Typical p
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thods of snalysis and acceptability criteria for BT
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ATRUCTURE 'I'\'Plt.lL PROBLEMS CRITICAL PARAME TERS ANALYEIS METHODS ACCEFTABILITY CRITERBA
Extative leal Tram Determisation of minmum cover depths | Stesl Gning & required share the minimum
uldhodormmk?h * Fatio of macmum Mydraut PSS | glang presiure temesl scute from sesute | princpal stress in the soek fe less then 11
tumsels. & tunnel to mikeum princpal stess | jopoyraphic mag. times the manimum static head for typical

Rupture ¢ buckling of
kot ining dus te rock
deformation or extemal

pressure.

i the surmunding rack.
B Lm«fm Ening and effectiveness

of proutieg.
= Grouadwater levels in the rock mass.

Stress anaiyses of sections along and scrcss
funne] axis.

Comparieon beteven minimum prieipal
saresses ared mazimum dynamic bydraulic
BrESTUE ba dutarming #1ee lining lengths.

hyéroekeciric operation w 115 e apers-
Eons with weny low dymamic presssims.

Hydralle pressue besting in baetholes 3t
the cakulsed esds of the steel lning is
ezmntial to check the desigy ssumpton.

Swelling. squeezing o

= Sarength of ok mazs and of ind-
widwal structurad features.
= Swelling putential, particulnly of sed-

imentary mcis.
= Eseavation methad and sequance.

Erress asalyses wsing numesical mechods ta
decemsing st of fadure zones asd prob-
abie displacements in the rock mass,

Roch-suppart iteraction smalyshd iking
chaawckform er nymaricsl metheds b detes-

Caguehy ol ismabied support shauld be suffi-
cleat to stabilze the rock mass and w Emit
losure to a8 acreptabls level. Tunnelding
machines and internal etrectured mist ba
dwigned for claore of the Laseel as a result

Shallew tuansls i

S S & e e agacayand stlten seierce o | f ling o e dpinden deomaion.

part i3 Paded s, = Copacity and insialhation sequence of gl ik e aiars N .
TP mdesn. How 1k reasn. pital ekesivi

o e = Orientation, jaclmation aed shesr Spherical projectian tachaigues o analytical FJ‘WQ"‘“"IPA incipding the ffects of rain-

mﬁum strangth of sructural faatusis ia the | mathods are uscd for e deermination and | forcement, should exeeed 15 for siding aed

Usrpueling of inade-
quatsly supgerted sur-
face materi

mach mass.
= Shape and crientation

visaslization of ol potestial wedges in the

of
« Quality af drlling and hhdm(d-m;
enrvatian.

roek mass the tumaal,
Limit quibbeium analyees of critia! wadges

20 for faling wedges and bocks,
Suppert intallation sequence i ciitical aed
wedges o blacks sveerd b identifind asd

ara used for ic skwudies on the mode
of failere, factor of safety and support

d before they are fally exposed by
mxcavasion, i inlmum defermatian

» Capacity sad instaliation sequence of
Ipiwted rockc Ml *upport Eysizms. requirements. Displasernant menitorieg is of fittie wilve,
Grawity driven faiiin ' herical ecilon technagees or an. An scceptable dasipn B achioved whan
e chlni oL, | Sihat Wad: crieisiion. o e e i it e | e s et e D Lot
weted st dmilars o rack “wmdwm_h and vissaliation of 8 petantial eedge in | of Gikire ki bae costobed
mass, depeading wpos the rock mass. the rock mass Stresses and d , that th s not ]
spicng  of stuctersl | o i gitw stresses in the rock miss. nduced by each stage of cavem and that the the rock mass
.| festures and magritude & 2o el and aré desermined By numsrncal —ahu and | stabiize.
Lig  ewouras it | fin gy shresses. m,"""'."';:;""l i are uued b timabe sappert Fquin Manitering o di @ skl b
ininted roc Iy of iling 2 for the cawera roaf and wals. puedict
Serees andfor themnally | o Oviensaticn, hcinatin, permeabd Numerical analyses are used to calous | Ay weceptable design requires eetramey iow
spallisg of the and shear strength gl I: fate stresses wnd diaphicements incliced by | rytpe of gronndwater meverment thiosgh the
otk surmunding  the tures in the rock mass encavation and by thermal leading fom | wugy coniter costainment ared in order
ascavatioes cosultiog | 4 in ghu and thermal sresses n therock | Y484 EAnisters, Groundwater flow pattems | o Gewis mransport of radioactive eeatacial.
increased  parenmabiic mm‘“‘ﬂ‘ s and velugitiss, pactieclarly threugh blast Shahs, tarntly ond canister hobes mast
Undarground nuelasr | 4nd higher .G e — damaged zones, fisssies in the reck 308 | g stable for appasmately 5 years o
b rad Jeakage i ihaft sealé are cakulated using SemEncsl | pamyt retrieval of waste § necemisry.
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Analisis de
esfuerzos

Clasificacién del Macizo Rocoso
Analisis de la Fabrica

Esfuerzos inducidos = Resistencia

— Refuerzo

del Macizo Rocoso

i —
v ' ) l

Estallido o Estabilidad es controlada
Fluencia
rotura por la estructura 7

— T Ty

Madificar geometria

Dlsgno Modelﬁcmn DISI?I’]D
B e Analitico Numerica Empirico
Cambiar método

rI

Limitar aberturas
7 Monitoreo
Reforzar cufias. etc

Elementos Importantes

Composicion de la roca (litologia, mineralogia,
composicion quimica)

Estructuras geologicas

Resistencia de la roca y las estructuras

Resistencia del macizo rocoso
Deformabilidad

Densidad

Porosidad y Permeabilidad
Estado de esfuerzos




Tensiones en la roca

= Pre-existentes
= Peso propio del macizo rocoso
= Origen tectonico

= Cambio de esfuerzos debido a una obra de
ingenieria

El estado tensional en |la roca se puede
caracterizar por un tensor de esfuerzos
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STRESS FRACTURING AT JUNCTION
FEATHERING LIMITED TO WITHIN 1m OF
BACK BMR = 38% - 50%, THEREAFTER 75%
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Tensor de esfuerzos

= En un plano
cualquiera pueden
existir fuerzas
normales y de corte.
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El estado tensional tiene 6 componentes independientes (tensor de esfuerzos)

Existe una orientacién en la cual no existe corte. Planos principales o
esfuerzos principales.

x (north)

_,,n—§~
14

Z Z
(do\vn)/ (down)

Transformation of Normal and Shear Stresses to Principal Stresses
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Esfuerzos in-situ

= \Métodos de determinacion de esfuerzos
In-situ
= Mediciones

= |\|étodos indirectos
" Teoria de la elasticidad

Prediccion de esfuerzos a traves de la
teoria de la elasticidad

Vertical stress, 6, (MPa)

20 40 60
L L '

Tension vertical

Hoek and Brown (1978)
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Esfuerzos horizontales

Isotropic Transversely Orthotropic
isotropic
(horizontal)

Australia
United States
Canada

Scandinavia
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 Mverge horsontalsres 0y, Hudson y Harrison (1997)

Vertic:

Hoek and Brown (198

z (m)

0
/SR
100

(@)

o)
TR IT[TTRTIRTT TR

200 -

300 —

400

500

600 -

700 Stope 44/650

800

900

1000

2=400.0

Stope 44/500

0 1020m




Pacific
Ocean
Valparaiso

“oncepcion

Pzerto Mont

2
NA &
=t
£
oq
[=]

ARGENTI

CORDILERA
FOSA OCEANICA CORDILLERA DE LOs ANDES
(Chile-Parg) DE LA COSTA

DEPRESION
INTERMEDIA

focal mechanism
breakouts
drill. induced frac.
borehole slotter
overcoring

dro. fractures
geol. indicators
Regime
©sS aTF oU
Quality
K
- —
c —
© 000 s sess i

ARRNNNNY

°
z
=

T
210°

15



Metodos para la determinacion del estado
tensional

= Elatjack
" Meétodo de la fractura hidraulica
= \étodos de deformacion
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Metodos para predecir esfuerzos in situ

= Son metodos indirectos

= Se basan en algun tipo de alteracion de la
roca y medicion de los cambios en ella
asumiendo un modelo constitutivo de Ia
roca.

= | as mediciones deben estar lejos de las
excavaciones o alteraciones (> 1.5 — 2.0
veces el diametro de |a apertura)

GEOTECHNICAL
INSTRUMENTATION
FOR MONITORING
FIELD PERFORMANCE

John Dunnicliff
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inl FLAT JACK

PN SEPARATION i

Flatjack

EXCAVATION T ——

ic) PIN SEPARATION YERSUS SLOT EXCAVATION TIME AND FLATJACK
PRESSURE (NOTICE IDENTIFICATION OF CALCELLATION PRESSURE. P}

K. Kim y J. A. Franklin (1987)

P
FIATIACK PAESSURE —h

Fig. 2. Example of the layoul of slots fot flaijack tests.

K. Kim y J. A. Franklin (1987)
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wineh with

Mediciones de deformacion

VERTILAL
Dot O T

.|
O vErmcal

D = DIAKMETER OF MINE DPENING

Fig. 7. Drillhole conliguralion.

Fracturacion hidraulica

data
acquisition
unit

pressure
coiictubing  Control panel

F-condhuctor
logging cable

downhole
pressire-gange

packer
elements

push-pull valve for packer
aud interval-pressurization

B

iest-interval

2.
Stress in rock

Fluld pressurs inereased
to Induce fractire

Inflatsble packer

systam sealed

=0,
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PRESSURE (MPa)

Fracturacion hidraulica

)
TO FUMF. FLOWMETER, o}
PREESLRE IR ANSDUCERS o Pmr

HIGH-PRESSURE
TmING

. MIGHPRES SURE
HGSEs

IMARESEIQN

" PACKER
-

ORIMHOLE
~.

. DRRLHOLE
e

of ta) b ing tool and (b)
impression pucker.

PD breakdown prageure

Fracture propagalicn under very stow flow rate (Sem Ofsec.)

/ Shl:rtling off the wel |

Presaure
rglaase

Fig. L.

TIME { Minutes)

Typical pressure-time record observed during a hydraulic fracturing test,
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Propledades de |a roca intacta

Analisis de
esfuerzos

Clasificacion del Macizo Rocoso
Andlisis de la Fabrica

— Refuerzo

Esfuerzos inducidos > Resistencia
del Macizo Rocoso

x

:

v

Estallido o
rotura

Fluencia

J'_l

Madificar geometria

Cambiar método

¥

Estabilidad es controlada
por la estructura ?

1_5*1

ey

Disefio Madelacion
Analitico Numérica

Disefio
Empirico

*_l

Limitar aberturas Morit
Reforzar cufias, etc e
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{ Diferencia con
SR B la resistencia
\ T del macizo

FOCOSO

Influencia de

® B 0/Co=20 discontinuidades

1
i %
8 ] Ejemplo:
1
i 5, Roca intacta
6 -1 1
s ' c=5MPa
g s \ /
© 3 | _ =
4 65/Co=1.0 | oyC,=05 f=40
3 | Discontinuidad
2 63/Cy=0.5 }
1 ! f=230°
1 1
1
0 -t e
0 10 20 30 40 50 60 70 80 90
8 (degrees)
* *
T 6‘3
1. |8 1 | &7
— —
(!
- e —r _
T_ T_ direcelén de Oy
G:] 3

Para que el elemento esté en equlllbrio:

61 "‘63 N 61 = 63

Cop=—3 7 cos2 0
0,-0
To=—"—2sen2 0
T
A0 T) _
77BN polo I 01-0s
[ 20 e 3
O
\ o
s 3
Ga %
0,+0;
2
FIG.7
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GEOMECHANICS DESIGN GROUP
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- Existe mayor informacién sobre la roca
-~ -intacta debido a la relativa facilidad de
"7 obtener muestras

Roca intacta Di

Propiedades del macizo rocoso

Propiedades de |a roca intacta

= Resistencia a la compresion no confinada
= Modulo de Young o de Deformacion

= Modulo de Poisson

= Angulo de friccion al deslizamiento

= Cohesion
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Propiedades Indice

= Peso unitario, y

= Porosidad, n

= [ndice de durabilidad, ID

= Velocidad de propagacion de ondas P, V,,
= \/elocidad de propagacion de ondas S, Vg

Tipos de resistencia

m Resistencia a la traccion directa, TS

= Resistencia en carga puntual, Is

= Resistencia en compresion uniaxial, UCS
= Resistencia en compresion triaxial
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Ensayo de Carga Puntual
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o
T

POINT LOAD INDEX [, , MPa
=
T

Q

FACTOR - (k)

INDEX-TO-STRENGTH CONVERSION

x d'ANDREA ef al, 1965
¢ BRACH ond FRANKLIN, 1972
HBIENAWSKI, 1973

UNIAXIAL COMPRESSIVE STRENGTH ﬂ:. MPa

e
6. % 241
1 L L L
150 200 250 300

a
NORITE

USE OF POINT-LOAD TEST

20

IN THIS RANGE IS NOT REGOMMENDED |

3]
BRACH and FRANKLIN, 1872

d'ANDREA etal., 1965
o]
i 1 1

30 40 50
CORE DIAMETER, mm

60
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Classification of rock and soil strengths (ISRM, 1981b)

Description Field ideuntification Approx. range
of uniaxial
compressive
strength (MPa)

Extremely strong rock Specimen can only be chipped with geological >250
hammer,

Very strong rock Specimen requires many blows of geological 100-250
hammer to fracture it.

Strong rock Specimen requires more than one blow of 50-100
geological hammer to fracture it.

Medium strong rock Cannot be scraped or peeled with a pocket 25-50
knife, specimen can be fractured with single
firm blow of geological hammer.

Weak rock Can be peeled by a pocker knife with difficulty,
shallow indentations made by firm blow with
point of geological hammer.

Very weak rock Crumbles under firm blows with point of
geological hammer and can be peeled by
a pocket knife.

Extremely weak rock Indented by thumbnail.

Hard clay Indented with difficulty by thumbnail. =0.5

Very stiff clay Readily indented by thumbnail. 0.25-0.5

Stiff clay Readily indented by thumb but penetrated 0.1-0.25
only with great difficulty.

Firm clay Can be penetrated several inches by thumb 0.05-0.1
with moderate effort.

Soft clay Easily penetrated several inches by thumb. 0.025-0.05

Very soft clay Easily penetrated several inches by fist. <0.025

Duncan & Mah, 2004



