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Table 1 : Typical

hods of analysis and acceptability criteria for slopes.

STRUCTURE

TYRCAL PROBLEMS

CRITICAL PARAMETERS

ANALYSIS MET#005

ACCEPTABLITY CRITERIA

2

Complex fuilure slong a

as well a Mailure of
intaet esateriaks,

= Precence of egiomal faultx,

= Sheai serength of wateriale along
Fadum sarface.

= Grousdwater distrbution in doge, gar-
ticulely in response to sainfall or m
submergence of slope toe.

u Patertal sarthqiake kading.

Limit: equilibrium metheds which allsw for
non-cireadar fallue surfices can ke used to
estimats changes in factor of difety i &
resat of drainage or slope prafile changes.
Mumenical metheds such 3 finite slemant
‘or discrebe elemest analyss can be used ta
imvestigate fajure mechanim aid histsry
of slape displacement.

Absolute value of factor of safety has latle
meaning But rate of change of

tieal mears of walsating slope behaeiour
and effectiveress of remedial action,

o or heavily fainted
rock slopes.

Giraalar Failure abeng
@ Epuan-sha surface
thrasgh sl or heavity
Jjaintsd rock mases.

» Heigit and angle of do f2es.

@ Shea strangth of materiale along
Failuse sarfacs.

» Grousdwater distribution in sloge.

o Potestial surcharge o sarthquiks
Ieading.

Tewp-dimarsional Bmit aguibewmn methods
which ineluds sstnmatic sarching for the
ritical fadure surface are wsed for pars-
metiic studies of factor of sty

Factor of saiety = 13 for “temporary”
shopes with minimal risk of damage.
Factar of caiety = 1.5 for “persanest’
m-ﬂmrﬁmtme\‘hw

are erltical, aamer.
il ansiyses of toge deformation may be
required and higher facters of safety will
penerally apply i thess caes

Plarar or wedge siding
on sne structural fea-
tire o along the line
of intersection of twe
strudiueal features.

+ Slops height, angle and svimeatian.

» Diip and strike of structoral Seatures,

o Graurdwater dusribution in dogs.

+ Patestial aarthqusks lasding.

» Sequence of mecavation and support
instalatian,

parametric stedies 3 factar of sadery.

Limit equilibrum anafyies shich davermine
hris-dimenzisnal sliding motes ane used for

Wibution af st ctaral orisrations sed shesr
stresgtha, are uselisl fir soewe applications,

Factar of saiety > 13 for “temporary”
slopea mith minimal risk of damage.
Fattar of sty > L5 lor mmr
shopes with sigrificant risk of damags.
Probiability of fadure of 10 te 15% may be
accaptable fr cpen pit mse where
eluan ep b less than cost of stabi-

ertically jalnted rack
shpes .

Tapaling  of calumns
separated dram the ook
man by steepl dip-
ping structural features
which are pamallsl o

pardliel o the
shpe faco

® Slapa kaight, angle aad arientation.
+ Dip and strike of strucsurad featuns.
+ Grousduater Sstribution ia slops,

o Petuntisl earthquake icading.

el block madels are useful for
posemtial for toppieg ard fidng.

Hailire methansms.,

Crude Enit equdibeum analyass of simpll-
estimating

Dizcrete elamsent medely. of simplified slepe
proestry <an be wsed Tor esploring topping

Mo generally acceptable criterion for bop-
pling failure & avallable although potentiasl
for toppling & wially ohvinus

g o slape displacements s the
only practics mears of detarmining ciops
betavisur ard effectiveness of remedial
FU.

Shding, rolling Falling
and boencing of losse
racic and basiders an
thi dopa.

i

+ Geametry of gape,

a Prosmes of laose boukders,

v Coeficients of restitution of materials
frmming Blape.

+ Presmer of sructures to arrest falling
aad bowncing racks.

at each impact is generally adeceate

Caleulation of trajectwin of lallag o
bounciag rocks bases uponvelociy charges

Maste Cario analyses of many "

Loation of Wlen rock or distsibution of 2

large numbn of fafen rechs wil ghe ae

indication af the mageitude of the paten-
kfall pobiem and of th

based wpan varistion of slaae

distribution of Fallen rodes

ety aad
surfica praperties give usehl informatian on

of remnedial reasures such a3 deapid mish,
cateh fances and ditches at the tee of the
shope.

Tabla 2 : Typical

writical

of analysis and acceptability criteria for dams and foundations,

STRUCTURE

TYPICAL PROBLEMS

CRITICAL PARAMETERS

AMALYSIS METHODS

ACCEPTABILITY CRITERIA |

Cirtisar o nEar-cirosr
failyre of dam, par-
teularly during apd
draadoen.  Feoedition
faitare o0 weak seams.
Figing and eoca of

core.

» Presssce of mﬂ: o permaable zeass
in ferdatin

« Shaar Hm#. wurakility, gradation
ard placemest of dam comdtsucion
materiats. particutaryy filters,

» Effectiveness of grout cartasn and.
draitage gyrtem,

+ Stabillty of reservolr sopes.

Seepage avalyses sre reouined (o ceter-
imins wabse pranaere and velocity ditribu.
i through dam asd abutments.

Limit equilitwium mﬂhuh should be used
for pararmesric tudins of

Narmesical mathods eas e used 1o iovesti-
gte dynamic respose of dam daving earth-
Aua

Sﬂhmblslwﬂllwﬂmlm
vtatn wapage: =13 fer and

peobabde mazimym
seepagn aed =10 for ful pesd with steady
Snte wepige and masimum eredible hori
zontal prusdsstatic seismic kading.

Shear Failure of intarface
betwsan concrete and
rock o of feundation
vock. Tension crack far-
mation at heel of dam.
Leakage throvgh foun-
dation and shutewnts,

« Presence of weak or pemeabis zsns
in rock mass.

+ Shear strength of interface batwesn
‘oncrte ad rack

+ Shasr strwsgth of rock mas

+ Effactiveness of gravt curtain and
draitage sywtam,

+ Stakility of reservoir slopes

Farametric. siudies wsng it egslibium
methods shoeld be wsed o ivestigite
sliding oa the intesface babwess cancrte
and rock and siding o9 weak ssams [s the
foundation. A leege nusber of trial failire
aurfeces are required unbess 3 non-ciruar
failure anatysis with autemanic detection of
critical failars tucfaces 3 avallabis.

Safety factor apsism foundation failure
shguld exceed 1.5 for nomsal full pool oper-
ating eonditises provided that conservative
shewe valuss are used (=0}
Safety facton > 1.3 for probable mdmum
fload [PMF).
Sl'wfuhf‘slfn!muhdm-n»
ible: earthorake and

Shesr faibare In fous-
dntiss or abutmests.
Cracking of arch die to
differential dsttimems
of faundation. Leakage
threugh faundatoss or
abutments.

« Priance af wmake defarmatle or par-
mwable zmnes in reck mass.
» Orienfation, incleation and shear
stremgih of structural featwres.
= Effectivences of grout cemale and
drinage system.

+ Stabllicy of reservoly sopes.

Limit: eqailibrism metheds e used for para-
matric sudiss of thrse-dimassicaal siding
modes in the feandation and abwtments,

Three dimensicnal sumerical analyses are
reguired to determine stresses and displace-
rrents i the concrete amch

Sufety factar against foundation Bilure =1.5
for moemal full poal sperating canditions

dtions. provided that zonservative shea
stresgrh values are umed (5 =0).
Stresses and deformatiins in concrete arch
should be within allcenble working level
dufnad in conerats specifications.

Sioge fallare resulting
founda-

= Orbentation, Inchnation asd shear
strength of structursd feataees o rock
mass forming foundation.

s Frimance of indinad lyere with rig-
nifacanily et deformation prog-
eries.

« Groundwater distribetian in sope,

Limt  equilitriom  asabyses of potential
ﬁnw or wedge fxlures in she foundation
e in it o i iased fo pramiatrde
studias of iscter of sufety.

Humerical analysss can be used to deter-
mine foundatics deformation, particulirly
for snisctropic rock masses.

Factor of saficty qammii-n:m,m.
tal fowndation o

et 16 for mormal oparating enndmm
Difesential settierness should be within
limits ipecitd by uruaunl eagineers.

Enaring zapacity fuilurs
resalting  fram  shear
failure of zois or weak
racks underyiag fous-
datime tiah.

s Shear seength of sail or jninted rock
matarials,

« Grandwatw disribation & i o
rock frusdition.

« Fourdation losding conditicns and
putentia! for earthguske badhg.

Limit squiibrizm asalyses usig inclined
shiees and nen-circular failure surfaces are
used for paametic stedies of Fastar of
s

ety
Musmeieal analyses may be mequied to
detarming deformations,  particalarky for
anisotiogic famedstian mataral.

Br:lm( capacity failure shoald rot be pare
harmal leading eanditisss

Dllnutlnl settlemest should be within

Tewvts apesified by sirsccursl saginesrs.




Table 3 ¢ Typieal p

ertieal

S Lo S

thods of snalysis snd scceptakility criteria for BT

d vl

| TYPICAL PROBLEMS

CRITICAL PARAMETERS

ANALYSIS METHODS

ACCEFTABILITY CRITERIA

steol lining dun to rack
defcrmation o exenal

= Ratio of macmum Syt pressure
& funnel to mismum principal stress
i the surounding rack.

. Lmurw-limnzzi effectivenes

of groutieg.
= Grouadwater levels in the rock mass,

Detgomisation of mewrmum ddwer depthi
alang presiure tenael route fram sccurate
tapegraghic maps

Strpes :n-ll,mmumnm along and across
tunne] wo

Comparicen beteeen minimum  priscipal
stresses aed marimum dynamic kydraukic
ressusn kn drtarmine stosd liniag lengths.

Steal Bning i Frqilinid whare the minimum
princspual stress. in the rock is less thin 1.3
Eames the maximum static head for typical
hydroekctric @ 118 e opers-
Eeany with wery low dymammic presdsiie.
rasllc. arossurs testing i boeshoks at
the cakulsted eacs of the stoel g is
esmertial o check the deigy ssumplions.

Suelling. squesring o
escessive cosure if sup-
port i adeq aste.

s Serength of sock mais and of isd-
widsal structurad features.
= Swellng pateatial, particulndy of sed-
i ocks,

imeatary

» Exeaustion mthad and conpiancs.

= Copacity and installation seguencs of
Support Syssems.

Strass asalyses sing numisieal mecheds b
detemuine extant of falure zones asd prob-
abie dislacements in the rck mass,

Roch-tuppars irferaction asalyses using
hoeck-form or narmerical metheds 1o detes-
ming cagacty and installation sequence ru-

Capieity of isstalied susport shauld be suffi-
cient to stabilize the rock mass and to Fmit
closure to s scoeptable evel, Tunneling
machines and internal eirecturas musi ba
deigned for claors of the baseel & a result
o reslling ar time-dupendent deformation.

sunpml and te estimate
thoe reck meass

is an imporfant
aspect of mmmmm contrel.

Geswity drivien falling or
sliding wedyes or blocks
defined by intersecting
ctactyral fmatures.
Waraweling of inade
quately supserted sur-
Face material.

= Qrientation, jeclisation asd shear
strength of structural foatures s the
rock mass.
» Shapeand

Spherical prejection techaiques of analytical
mathode are used for tha determdnation and
vissalization of all petesiial wedges in the

of

» Quality af drilling and hhmn(dnn(

wavatian.

+ Capacity sad instalistion squence of
SUPPOIT Systems.

rack mass the ]

Limit squilbrium analyses of critizs! wedges
are used for parametiic stadies on the mode:
af failsre, factor of safety and suppert
requiremants.

Fartor of ssfity, inchudiag the #ffets of fiin-
forcernent, should exceed 15 for siding aed
20 far falfing wedges and blochs.

Supper: installasion sequemce is critical sed
waadges or blacks sheatd be ideazifind asd
sepported befere they are fally exposed by
wecavatian, hinimum defermasian-
Dispiacernent menisorieg i of litte value,

Graity driven faling cr

mass, depeading wpas
spacing  of  structeral
festures ard mageitude
of in sita stresses.

» Shape asd oviemtatica of civeen 8
relatizsa te ceiearation, nelination aad
vhear strength of structural festures n
the rock mass.

& bn gite strecees in the rock mass.

= Excavition sl sippert sequence asd
auality of drifing 3ad blisting.

Spheical Mnhn techaigess or andyt-
ical methads are wsed for the determination
and u_liuhm af 4 potantil wedge in
the rock mass. Stresses and

An scceptable dasign i achirvad whan
sumerical models indicate Ut the et
dﬂhnhulla-u-eumhdl by inakalied

indused by #ach stage of covem excavation
are desermined by numerical analyses and
are used to estimate sspsont rGUInEMERtS
for the cavern roof and walks.

suppert, thae
and that the Sspicemess in the rock mass
stabinze.

Manitering of displicemenia & smental ba
ooefiim design predict lons.

Uncderground  nizesaar

varbe divposal

Erress andfor themally
Induced spalling of the
ock surmunding the
auvstises raculting b
fmereaied  parrmablis
and higher probabd ey of

radizactie lsakage

= Orienzaticn, inciiaation, penmesblisg
and shear strength af stracteral des.
e in the rock muse

® In 5w and thermal stresses in the rock
surrounding the sxcavations.

« Grousdvater dstrbution in the rd
mass.

Humerical anahyses are used to colous
fabe stressen ool duplicerments fcused
excavathon and by thermal lading from
waste canisters. Groundwater flow pattzms
and velocities, particularly through bl
damaged zones, fissies in the rock and
ahaft ymale are caloulated using memercal
muthads

An cceptable deslgn requires sdramidy e
rates of gropnzdwater mewsrment thiosgh the
wadd caaite coalainment area in ande
be ket teansport of radioactivn eeatesial.
Shafis, terrely el capistes hobes mast
remain stable for approomately 5 years b
permit retreval of waste i mecscusry,

Analisis de
esfuerzos

Clasificacidén del Macizo Rocoso
Andlisis de la Fabrica

Estallido o
rotura

Modificar geometria
Refuerzo
Cambiar método

Esfuerzos inducidos > Resistencia
del Macizo Rocoso

Fluencia

¥

Estabilidad

por la estructura 7

es controlada

_

S

Disefio

Analitico Numérica

Madelacidn

Disefio
Empirico

Limitar aberturas
Reforzar cufias, etc

Monitoreo




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




Tensor de esfuerzos

En un plano
cualgquiera pueden
existir fuerzas
normales y de corte.

El estado tensional tiene 6 componentes independientes (tensor de esfuerzos)

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




x (north)

z b4
(down)/ . (down)

Transformation of Normal and Shear Stresses to Principal Stresses

Esfuerzos in-situ

= étodos de determinacion de esfuerzos
in-situ
= \étodos directos

= \|étodos indirectos
" Teoria de la elasticidad




Prediccion de esfuerzos a traves de la
teoria de la elasticidad

Vertical stress, ¢, (MPa)

60

Tension vertical

Depth below surface, z (m)

Hoek and Brown (1978)

Esfuerzos horizontales

Tsotropic Transversely Orthotropic
isotropic
(horizontal)

iad i %
y
z
Australia
United States
Canada

Scandinavia

Depth below surface z — metres

Southern Africa

Other regions
=

\L
£ k= I(Liul.l

v

7
I
1
1
1
1
1

L L L
1.0 L5 2.0 25 3.0

 _ Average horizontal stress oy, - Hudson y Harrison (1997)

Vertical stress oy

Hoek and Brown (1980)




Pacific
Ocean
Valparaiso

Concepcion

FOSA OCEANICA CORDILLERA
(Chite-Pery) DE LA COSTA

Metodos para la determinacion del estado
tensional

= Elatjack
" Meétodo de la fractura hidraulica
= \étodos de deformacion




Flatjack

fal FLAT JACK

PIN SEPARATINN ~—an

EXCAVATION 1ME — & | FIATIACK PRESSURE —h

Ic) PIN SEPARATICN VERSUS SLOT EXCAVATION TIME AND FLATJACH
PRESSURE {NOTICE IDENTIFICATION OF CALCELLATION PRESSURE. P!

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

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

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




PRESSLURE (MPa)

Fracturacion hidraulica

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

HIGH-PRESSURE
TmING

. MIGHPRES SURE
HGSEs

IMARESEIQN

ORILHOLL .
\\
- oRRLHOLE
e

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

Pb breakdown pragsure
Fracture propagalicn under wary slow flow rate (§ emdfsec.)

/ Shatting off the wel|

Fressure
/ rglaase

TIME ( Minutea) _
Fig. 1. Typical pressure-time record observed during a hydraulic fracturing test.

F.H. Cornet y B. Valette (1984)
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Mediciones de deformacion

VERTILAL
Dot O T

D = DIAKMETER OF MINE DPENING

Fig. 7. Drillhole conliguralion.
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