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Table 1.I  Some of the types of structures on, in or of rock (after Brown, 1993),

Field of

application Types of strictures on, in or of rock

Mining Surface mining — slope stability; rock mass diggability; drilling and blasting;
fragmentation.

Underground mining — shaft, pillar, draft and stope design; drilling and
blasting; fragmentation; cavability of rock and ore; amelioration of
rockbursts; mechanized excavation; in situ recovery,

Energy Underground power stations (hydroelectric and nuclear); underground storage

development of o1l and gas; energy storage (pumped storape or compressed air storage);
dam foundations; pressure tunnels; underground repositories for nuclear
waste disposal; geothermal energy exploitation; petroleum development
including drilling, hydraulic fracturing, wellbore stability,

Transportation  Highway and railway slopes, tunnels and bridge foundations; canals and
waterways; urban rapid transport funnels and stations; pipelines.

Utilities Dam foundations; stability of reservoir slopes; water supply tunnels; sanitation
tunnels, industrial and mumcipal waste treatment plants; underground
storages and sporting and cultural facilities; foundations of surface power
stations.

Building Foundations; stability of deep open excavations; underground or earth-

construction sheltered homes and offices.

Military Large underground chambers for civil defense and military installations; uses

of nuclear explosives; deep basing of strategic missiles.
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Complete rock mechanics problems
Fal Analysis of coupled mechamics
/ //—— yeis of imdividual subjects
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Fig. 1.2 Three-tier approach to all rock engineenng problems (after Hudson, 1993).
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Site characterization
Definition of geotechnical propertics
of the host rock mass

I

Geotechnical model formulation
Conceptualization of site
characterization data

J

Design analysis
Selection and application of
mathematical and computational
schemes for study of trial designs

4

Rock mass performance monitoring
measurement of the performance
of the host rock mass during
and after excavation

4

Retrospective analvsis
Quantification of in situ rock mass
properties and identification of dominant
modes of rock mass response

Fig. 1.3 Components of a general rock mechanics program (afler Brady & Brown, 1985).

’ Zhang, Lianyang ; Engineering properties of rocks
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Fig. 6.6 Typical discontinuity roughness profiles and associated JRC values (afier Barton &
Choubey, 1977).
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Table 1.5 Estimated values of JRC and JCS for the four main discontinuity sets (from Wines &
Lilly, 2003).

Paringa Basall Golden Mine Delerite
Parameter Statistic  Ser] Set? Setd Set 1 Ser 2 Set 3 Set 4
JRC Mean 6.4 7.1 4.7 T8 T3 au .0
S0 1.0 29 29 27 23 2.2 3.1
Min 2.0 2.0 2.0 2.0 2.0 240 2.0
Max 14.0 120 ILER] 160 14.0 100 14.0
ICS Mean 6.9 H6.9 6.0 959 95.9 B5.9 95,9
iMPa) sD 289 2B9 289 344 344 344 3.4
Min 43.7 43.7 43,7 343 34.3 343 343
Max 156.5 1565 156.5 156.3 156.3 156.3 156.3
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Fig. 6.8 Tilt test 1o measure the dl angle o (after Barton & Bandis, 1990),
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Table 6.7 Basic friction angles &, for different rocks (after Barton & Choubey, 1977).

Rock fy, dry (degrecs) dn wet (degrees)
Sandstors 26-35 25-34
Siltstone 31-33 27-31
Limestone 1-37 27- 35
Basalt 35- 38 31 - 36
Fiite-grained granite 31-35 29.131
Coarse-grained granite 31-35 31- 33
Gneiss 26-29 23- 26
Slate 25230 21
Dolerite 16 32
Porphyry 31 3l
Shale 27
Chalk 30
Amphibolite 32
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Table 1.6 Estimated values of the basic friction angle &, (from Wines & Lilly, 2003).

Direct shear testing Tilt testing Values from
Rock L Mea:u sD Min Max Mean S Min  Max Tables?
Paringa 36.9 2.0 329 LA 390 1.1 374 42.1 35-38
Basalg
Colden 342 1.5 32.0 36.0 363 1.4 326 40 36
Mine
Dolerte
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Fig. 1.4 Geological cross-section along dam axis at the Urus Dam site (from Ozsan & Akin,

2002},
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Fig. 1.5 Geological cross-section of the diversion nannel alignment at the Urus Dam site {from
Ozsan & Akin, 2002).
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Table 1.7 Quantitative descriptions and statistical distributions of discontinuities of basalt and
andesite at the Unus Dam site (from Ozsan & Akin, 2002).

Distribution (%)

Fanpe Description Basalt Andesite
Spacing (mm) < 20 Extremely close 4 -
20-60 Very close 47 26
=200 Close 32 51
200-600 Moderate 17 23
Persistence (m) 1-3 Low 17 13
3-10 Medium 2 47
14-20 High 24 40
Aperture * (mm}) 0.250.5 Partly open 26 3
0.5-2.5 Open 55 54
2.3-10 Moderately wide 19 15
Roughness 1" n-2° 25 23
2 24 33 36
3 4-6 9 25
4 6-8 i3 8
5 E-10 10 g
* Aperture of discontinuities contains mostly limonite, hematite and clay infilling materials.
* Roughness profile numbers.

= JRC values,
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Table 1.8 Average RQD and TCR values obtained from core drilling at the Urus Dam site
i from Ozsan & Akim, 2002).

Andesite Basalt Tuff
Locatron RQD (%) TCR(%)  RQD(%) TCR(%) ROQD®%) TCR (%)
Left bank 59 93 ; ; 34 79
Dam axis 46 B3 - - 10 G
Right bank 35 100 - - 34 7
Diversion tunnel 52 100 15 58 8 75
Spillwa 38 83 - - 0 13

o LT b a5 ouds bl Ko SlSe 5 Suped Lolem Ot lyt silie alEitslo] wliyles

ol 0dl oalo A Jsd?

Table 1.9 Laboratory test results of rocks at the Linus Dam site (from Ozsan & Alan, 2002).

Andesite Basalt Tuff
Parameter Ranpe  Average Range  Awverage Range  Average
Unit weight {kﬂ."ﬂf} 21.6-25.5 237 22.1-2.5T 24.0 18.8-21.5 199
Porosity (%) 3.26=4.13 3.73 3.03-3.54 329 125-186 16.1
Unconfined compressive 40-148 93 4-249 142 17-33 24
strength (MPa)
Tensile strength (MPa)  7.55-0.60 858 6. 20-8.30 7.25 0.75-2.94 197
Cobesion (MPa) Q.72 1LE] 0,29
Internal friction angle (%) 53N 43.18 36.77
Elastic modulus (GPa) 419 40.0 1.6
Poisson's ratio 0.22 0.30 0.21
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Figure 2.8 Complete stress-strain curve illustrating the stiffness (or modulus, E),
the strength, ., and brittleness.

oo |y S ool Wliogas 5l can olg oo bxul jo
> e (CaSs dhs 5l L3 16,8 - 0 S cend) S (E)dwc¥l Jooo @

o 3 5 35 SalsS 5 et sie ()l 3 Coond g Cenl | o g il i (E) ode

L] ).»o..&.:.gbp- )‘Jg.o.’ Jﬁ‘ Cownd g PP P > ‘..L.ul.g fVS WY‘ JSM )5‘ ) aU‘S.c

" microstructure
" stiff



&S Jae Wil e S 4 Cansl 5 ST 1(00) Kk Cenglie (Y

ol 30 ol Ceand o S b S ki 5l Ceond e by it Ll G s (Y
5 by Sl i lade ST ooghpe az8 S 5 50 S JS4 (SaiiSS 5 g0 wln lme Slyie 4

asls il s ol 155 o e 8, ST 5 a0y S ) e el delsl lizeen S

ool T 00 g ST il

Ductile

\ Briule

E

Figure 2.9 Illustration of the difference between a brittle material and a ductile
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Figure 2.10 Complete stress-strain curve for basalt—high stiffness, high strength,
very brittle.

E
Figure 2.11 Complete stress-strain curve for limestone—medium stiffness,
medium strength, medium brittleness.
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Figure 2.12 Complete stress—strain for chalk—low stiffness, low strength, quite
brittle.
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Figure 2.13 Complete stress—strain curve for rock salt—low stiffness, low strength,.
ductile.
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Figure 2.14 lllustration of the complex nature of a rock mass due to successive
phases of superimposed fracturing,
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Figurc 2.15 Tensile fracturing of rock (mode 1),
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Figure 2.16 Shear fracturing of rock (mode 2).

Figure 2.17 Shear fracturing of rock (mode 3).
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Figure 2.13 Open joint which will allow free flow of water.
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Figure 2.19 Stylolitic discontinuity with high shear resistance.
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Figure 2.20 Slickensided fault surface with low shear resistance.
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Figure 2.21 Applying loads to a rock mass which may well already contain a pre-
existing stress state,
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Figure 2.22 Rock engineering construction of an unsupported tunnel in which no
loads are applied.
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Figure 2.23 Pressurized water tunnel involving load application to a rock mass in
which the pre-existing stresses have been redistributed by excavation.
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Figure 2.24 (a) Locations of the largest surface mine and largest underground mine
in the world. (b) Subduction zone off the coast of Chile.
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Table 2.2 Steps in developing a knowledge of the rock stress tensor components (after Hudson
et al., 2003),

Use pre-existing information on the rock stress state at the site

Consider whether the vertical direction is a principal stress direction (from topography,
geological evidence and other information)

Estimate the vertical stress component magnitude (from the rock density and overburden depth)

Consider indications of the principal stress directions and the ratio of stress differences
(from focal plane solutions inversion or seismic shear wave anisotropy)

Establish the minimum principal stress orientation (whether actual or minimum horizontal
stress) from hydraulic or drilling induced fractures and borehole breakout orientations

Find components of the stress tensor using indirect methods on borehole core
(such as the Kaiser effect and differential strain analysis)

Establish the minimum principal stress
(from hydraulic fracturing tests in boreholes)

blish th Establish the maximum principal stress magnitude
Establish the complete stress state at one (from hydraulic fracturing tests in boreholes and

or more locations by overcoring tests from borehole failure analysis)

Establish the complete state of stress at one
or more locations [by hydraulic testing of
pre-existing fractures (HTPF)]

Establish the variation of the stress state across the site due to different geological strata
and fractures (as estimated through numerical analyses and further measurements)
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Fig. 2.3 Types of faults and state of in situ rock stresses (after Anderson, 1951
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Table 2.4 Variation of horizental stress with depth (after Amadei & Stephansson, 1997:
Rummel, 2002; Yokayam, 2003).

Variation of Grve, Chmacs Ghamin (MP)
Reference or K, kyax, Amin With depth z (m) Location znd depth range (m)
Voight (1966) Gpave = 3.0 + 0.0432 World data (0-1,000)
Herget (1974) Opae = (8.3 1+ 0.5) + (0.0407 £ 0.0023)z World data (0-800)
Van Heerden (1976)  k=0.448 + 248z (~=085) South Africa {0-2,500)
Woromicki & Chave = 1-7 T (0.021 £ 0.002)z Australia (0-1,500)
Denham (1976) (r=10.83)
Haimson (1977) Ghmax =46 + 0,025z Michigan Basin (0-5,000)
Oimin = 1.4+ 0,018z  (r=0.95)
Lindner & Halpern  Gpape = (4.36 £0.815) North American (0—1,500)
(1977) +{(0.030 £ 0.0072)=
Hoek & Brown 03+ 100/ <k<05+ 15007z World data (0-3,000)
(1980a)
Aytmatov (1986) 5.0+ 0.0582 < (Ograx + Cimin) < World data (mostly former
9.5+ 0,075z USSR) (0-1,000)
Li (1986) Opave — 0.72 + 0.0412 China (0-500)
0.3 + 100/ <=k < 0.5 + 440/z
Rummel (1986) Koo = (.98 + 250/z World data (500-3,000)
kow=05+ 150/
Herget (1987) Canadian Shield
Ohare = 9.86 +0.03712 (0-900)
Chare = 33.41 +0.01112 (990-2,200)
k=125 1 267/z (0 2,200
Ky = 1,46 + 357/
ke~ 110+ 167/2
Pine & Kwakwa Ohmax = 15+ 0.0282 Carnmenellis granite
(198%) Chrin = 0 + 0.012z Cornwall, UK (0-2,000)
Arjang (1989) O = 8.8 + 0.0422z Canadian Shield (0-2,000)

Baumgértner et al.

(1993)

Sugawara & Obara
(1993)

Chrwin — 3.64 +0.0276z
Gﬁau@, = 591 + D.U3493

Chmax = 304 +0.0232
Opyin = 160 +0.011z

Opmin = 1.75 +0.01332
Chave = 2.5+ 0.013z

KTP pilot hole (800-3,000)

Cajon pass hole (800-3,00U)
Japansse [slands (0-1,200)




Table 2.4 (Continued).

Variation of Ghyye, Gimaxs Ghamin (MFPa)

Reference or k, keax, kmin With depth z (m) Location and depth range (m)
Hast (in Stephansson, Gy, = 9.1 +0.0724z (r —0.78) Fennoscandia, overcoring
1993) Cpmin = 3.3 + 00542z (r=0.83) (0-1,000)

Stephansson (1993) Fennoscandia

Ohmax = 104 +0.0446z (r=0.61)  Leeman-Hiltscher overcoring
Ojmin = 5.0 +0.0286z  (r=0.58)  (0-700)

Crmax = 6.7 +0.04447 (r=0.61) Leeman-type overcoring

“EiTER S RV LR

Opmin = 0.8 +0.0329:  (r=0.91) (0-1,000)

Cpuax = 2.8 +0.0399z (r=10.79) Hydraulic fracturing (0—1,000)
Opmin = 2.2 + 00240z (r=0281)

Te Kamp et al. Chnax = 15.83 +0.0303z KTP hole (0-9,000)

(1995) Cpmin = 6.52 +0.0157z

Lim and Lee (1995) Oy = 1.858+0.018z (r=0.869)  South Korea overcoring (0—850)
Ohave = 2.057+0.032z (r=0.606)  Hydraunlic fracturing (0-500)

Rummel (2002} Ern = 1,30 + 110/z Hong Kong (0-200)
kyin =0.66 + 72/z
Yokoyama, etal. Crystalline rock: Japan (0—1,600)
2003 e =219+ 00301z
by vy = Amax A MR A=
Chmin = 33.7 + 00219z
Sedimentary rock:

e = 23.5 + 0.0340z
Ghenin = 47.5 + 00281z

Notes: k= Ohane/ G Knax = Thinan! Gvi Kmin = Timin/0; and r is the correlation coefficient.
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Fig. 2.6 Average horizontal stress to vertical stress ratio versus depth for different deformation
moduli based on Sheorey (1994) medel.
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Fig. 2.8 Direction of principal stresses in a rock mass with a compiex topography consisting of a
series of hills and valleys (after Amadei & Stephansson, 1997).

Fig. 29 An open discontinuity changes the stress field and causes the principal stresses to be
locally parallel and perpendicular to the discontinuity plane (after Hudson et al., 2003).
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Fig. 4.1. Schematic figure showing point load test apparatus and the specimen.
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Table 3.1 Common rock-forming minerals and their properties.

Hardness
(Moh’s Relative
Mineral scale, 1-10) Density Fracture Structure
Orthoclase 6 2.6 Good cleavage at right Monoclinic. Commonly
feldspar angles occurs as crystals
Plagioclase 6 2.7 Cleavage nearly at right Triclinic. Showing distinct
feldspar angles — very marked cleavage lamellae
Quartz 7 2.65 No cleavage; Choncoidal hexagonal
fracture
Muscovite 2.5 2.8 Perfect single cleavage into Monoclinic. Exhibiting
thin easily separated plates  strong cleavage lamellae
Biotite 3 3 Perfect single cleavage into Monoclinic. Exhibiting
thin easily separated plates  strong cleavage lamellae
Homblende 5-6 3.05 Good cleavage at 120° Hexagonal — normally in
elongated prisms
Augite 5-6 3.05 Cleavage neartly at right Monoclinic
angles
Olivine 6-7 3.5 No cleavage No distinctive structure
Calcite 3 2.7 Three perfect cleavages. Hexagonal
Rhomboids formed
Dolomite 4 2.8 Three perfect cleavages Hexagonal
Kaolinite 1 2.6 No cleavage No distinctive structure
(altered feldspar)
Hematite 6 5 No cleavage Hexagonal
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Table 3.2 Geological classification of igneous rocks.

Type
Acid Intermediate Basic Ultrabasic
Grain size > 65% silica 55-65% silica 45-55% silica < 45% silica
Plutonic Granite Diorite Gabbro Picrite
Granodiorite Peridotite
Serpentinite
Dunite
Hypabyssal  Quartz Plagioclase Dolerite Basic dolerites
Orthoclase porphyries  porphyries
Extrusive Rhyolite Pichstone Basalt Basic olivine
Dacite Andesite basalts
Major mineral Quartz, orthoclase, = Quartz, orthoclase, Calcium- Calcium-
constituents  sodium-plagioclase, plagioclase, biotite, plagioclase,  plagioclase,
muscovite, biotite, homblende, augite augite, olivine, olivine, augite
hornblende hornblende
‘ Igneous

! Metamorphic
r Sedimentary
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Table 3.3 Classification of metamorphic rocks.

Classification Rock Description Major mineral constituents
Massive Homnfels  Micro-fine grained Quartz

Quartzite  Fined grained Quartz

Marble Fine — coarse grained Calcite or dolomite

Foliated Slate Micro-fine grained, laminated
Phyllite Soft, laminated
Schist Altered hypabyssal rocks,
coarse grained
Gneiss Altered granite

Kaolinite, mica
Mica, kaolinite
Feldspar, quartz, mica

Homblende
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Table 3.4 Classification of sedimentary rocks.

Method of Major mineral
formation  Classification Rock Description constituents
Mechanical Rudaceous Breccia Large grains in clay matrix Various
Conglomerate
Arenaceous  Sandstone Medium, round grains in  Quartz, calcite
calcite matrix (sometimes feldspar,
mica)
Quartzite Medium, round grains in ~ Quartz
silica matrix
Qritstone Medium, angular grains in Quartz, calcite,
matrix various
Breccia Coarse, angular grains in ~ Quartz, calcite,
matrix various
Argillaceous  Claystone Micro-fine-grained plastic Kaolinite, quartz,
texture mica
Shale Harder-laminated Kaolinite, quartz,
Mudstone compacted clay mica
Organic Calcareous Limestone Fossiliferous, coarse or Calcite
fine grained
Carbonaceous Coal
(siliceous,
ferruginous,
phosphatic)
Chemical  Fertuginous  Ironstone Impregnated limestone or  Calcite, iron oxide

claystone (or precipitated)
Calcareous  Dolomite Precipitated or replaced ~ Dolomite, calcite
(siliceous, limestone limestone, fine grained
saline)
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Table 3.5 Engineering classification of rock by strength (after ISRM, 1978c; CGS, 1985;
Marinos & Hoek, 2001).

Unconfined Point
compressive Load

strength Index
Grade Classification Field identification (MPa) (MPa) Examples
RO  Extremely  Indented by thumbnail <1 b Stiff fault gouge
weak
Rl  Very weak  Crumbles under firm blows of 1-5 -D Highly weathered
geological hammer; can be or altered rock,
peeled with a pocket knife shale
R2 Weak Can be peeled with a pocket 5-25 . Chalk, claystone,
knife with difficulty; shallow potash, marl,
indentations made by a firm siltstone, shale,
blow with point of geological rock salt
hammer
R3  Medium Cannot be scraped or peeled  25-50 1-2 Concrete, phyllite,
strong with a pocket knife; specimen schist, siltstone
can be fractured with a single
firm blow of geological
hammer
R4 Strong Specimen requires more than ~ 50-100 2-4 Limestone,
one blow of geological marble, sandstone,
hammer to fracture schist
R5  Verystrong Specimen requires many 100-250  4-10  Amphibolite,
blows of geological hammer to sandstone, basalt,
fracture gabbro, gneiss,
granodiorite,
peridotite,
thyolite, tiff
R6  Extremely  Specimen can only be chipped > 250 >10  Fresh basalt,
strong with the geological hammer chert, diabase,
gneiss, granite,
guartzite

1) Point load tests on rocks with unconfined compressive strength below 25 MPa are likely to

yield highly ambiguous results.
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Fig. 3.1 Engineering classification of intact rocks (E, is the tangent modulus at 50% ultimate
strength) (after Deere & Miller, 1966).
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Table 3.6 Typical values of porosity of intact rocks (after Goodman, 1989),

Rock type Age Depth Porosity {%)
Mount Simon sandstone Cambrian 13,000 fi 0.7
Nugget sandstone (Utah) Jurassic 1.9
Potsdam sandstone Cambrian Surface 1.0
Pottsville sandstone Pennsylvanian 29
Berea sandstone Mississippian 0-2,000 ft 14.00
Keuper sandstone (England) Triassic Surface 22.0
Navajo sandstone Jurassic Surface 15.5
Sandstone, Montana Cretaceous Surface 34.0
Beekmantown dolomite Ordovician 10,500 ft 0.4
Black River limestone Ordovician Surface 0.46
Niagara dolomite Silurian Surface 29
Limestone, Great Britain Carbomferous Surface 57
Chalk, Great Britain Cretaceous Surface 28.8
Solenhofen limestons Surface 4.8
Salem limestone Mississippian Surface 13.2
Bedford limestone Mississippian Surface 12.0
Bermuda limestone Recent Surface 43.0
Shale Pre-Cambrian Surface 1.6
Shale, Okiahoma Pennsylvanian 1,000 ft 17.0
Shale, Oklahoma Pennsylvanian 3,000 ft 7.0
Shale, Oklahoma Pennsylvanian 5,000 ft 4.0
Shale Cretaceous 600 ft 33.5
Shale Cretaceous 2,500 ft 254
Shale Cretaceous 3,500 21.1
Shale Cretaceous 6,100 ft 7.6
Mudstone, Japan Upper Tertiary Near surface 22-32
Granite, fresh Surface 0-1
Granite, weathered 1-5
Decomposed granite (Saprolyte) 20.0
Marble 0.3
Marble 1.1
Bedded tuff 40.0
Welded tuff 14.0
Cedar City tonalite 7.0
Frederick diabase 0.1
San Marcos gabbro 0.2
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Fig. 3.2 Porosity n versus mean grain diameter dg; for Bentheim Sandstone (from Schén, 1996).
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Table 3.7 Definition of various density terms (afier Stacey et al., 1987).

Term Definition Remarks

Density o= m Mass determined at natural water content

(or bulk density) ¥

Dry density Py = ms Mass refers to solids only. All moistures dried
L7 out of the voids.

Saturated density Do = Mgay Mass refers to solids plus water which fills
sat V completely the voids.

Grain density Py = ns Both mass and volume refer to the grains

{or solid density) $ [ (solids) only.

Notes: m = m, + m,, and V"= ¥, + ¥, in which m is the bulk sample mass, m, is the mass of the
grains (solids), m,, is the mass of water in the voids, V is the bulk sample volume, ¥; is the
volume of the grains (solids), and ¥, is the volume of the voids.
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Fig. 3.3 Density p versus depth z for sedimentary rocks at the North German-Polish Basin (from
Schén, 1996).
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Fig. 3.4 Range of P-wave velocity v, and S-wave velocity v, of different rocks (from Schon,
1996).
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Table 3.5 Engineering classification of rock by strength (after ISRM, 1978¢c; CGS, 1985;
Marinos & Hoek, 2001).

Unconfined Point
compressive Load
strength Index

Grade Classification Field identification (MPa) (MPa) Examples
RO  Extremely  Indented by thumbnail <1 -b Stiff fault gouge
weak
Rl Very weak  Crumbles under firm blows of 1-5 _b Highly weathered
geological hammer; can be or altered rock,
peeled with a pocket knife shale
R2  Weak Can be peeled with a pocket 5-25 - Chalk, claystone,
knife with difficulty; shallow potash, marl,
indentations made by a firm siltstone, shale,
blow with point of geological rock salt
hammer
R3  Medium Cannot be scraped or peeled  25-50 1-2 Concrete, phyllite,
strong with a pocket knife; specimen schist, siltstone
can be fractured with a single
firm blow of geological
hammer
R4 Strong Specimen requires more than  50-100 2-4 Limestone,
one blow of geological marble, sandstone,
hammer to fracture schist
R5  Verystrong Specimen requires many 100-250  4-10  Amphibolite,
blows of geological hammer to sandstone, basalt,
fracture gabbro, gneiss,
granodiorite,
peridotite,
thyolite, tiff
R6  Extremely  Specimen can only be chipped > 230 > 10  Fresh basalt,
strong with the geological hammer chert, diabase,
gneiss, granite,
guartzite

1) Point load tests on rocks with unconfined compressive strength below 25 MPa are likely to
yield highly ambiguous results.
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Table 3.9 Typical L-type Schmidt hammer rebound numbers Ry, for different rocks.

Rock Ry Reference

Andesite 28-52 Dincer et al. (2004); Ayday & Goktan (1992)
Basalt 35-58 Stacey et al. (1987); Dincer et al. (2004)
Chalk 10-29 Bell et al. (1999)

Diabase 36-59 Stacey et al. (1987); Ayday & Goktan (1992)
Dolomite 40-60 Stacey et al. (1987); Sachpazis (1990)
Gabbro 49 Xu et al. (1990)

Gneiss 48 Stacey et al. (1987)

Granite 45-56 Stacey et al. (1987); Ayday & Goktan (1992)
gypsum 30-44 Yilmaz & Sendir (2002)

Limestone 16-59 Stacey et al. (1987)

Marble 3147 Stacey et al. (1987); Ayday & Goktan (1992)
Marl 18-39 Ayday & Goktan (1992)

Mudstone 15 Xu et al. (1990)

Peridodite 45 Ayday & Goktan (1992)

Prasinite 41 Xuetal. (1990)

Quartzite 39 Stacey et al. (1987)

Rock salt 23 Stacey et al. (1987)

Sandstone 3047 Stacey et al. (1987)

Schist 29-41 Stacey et al. (1987); Xu et al. (1990)
Serpentinite 45 Xu et al. (1990)

Siltstone 47 Stacey et al, (1987)

Tuft 13-40 Stacey et al. (1987); Ayday & Goktan (1992); Dincer et al. (2004)
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Table 3.10 Slake durability classification (Gamble, 1971).

% retained after one 10-minuate % retained after two 10-minuate

Group name cyele (dry weight basis) eyele (dry weight basis)
Very high durability > 99 > 98
High durability 98-99 95-98
Medium high durability 95-08 85-95
Medium durability 85-05 60-835
Low durability 60-85 30-60
Very low durability < 6) <30
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Table 3.11 Empirical correlations between wave velocity v, and porosity n.

Correlation Rock Type Reference

v,=6.32n -0.016 * = 0.76) Vesicular basalt Al-Harthi et al. (1999)
vy=6.52-036n (¥ =0.66) Granitic rocks Turgrul and Zarif (1999)
vp= 4,08y 042 (#=0.79) Granites Sousa et al. (2005)

Notes: v, is in the unit of km/s and » is in %; and #* is the determination coefficient.
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Fig. 3.5 Varation of P-wave velocity with porosity for water saturated sandstone from
Rotliegenes, Northern Germany (from Schién, 1996).
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Table 3.12 Correlations between P-wave velocity vy and density p.

Correlation Rock Type Reference

vy =276p - 0.98 Igneous rocks Birch (1961)

vy =233+ 0.08*5 Basalts Christensen & Salisbury (1975)

vp =2.67p ~1.08 Igneous rocks Volarovich & Bajuk (1977)

v, =3.10p— 298 Plutonic rocks: granite, Marle (1978) & Kopf (1977,
diorite, gabbro 1980)

v, =2.30p—-091 Voleanic rocks: porphyrite,  Marle (1978) & Kopf (1977,
keratophyrite, diabase, basalt  1980)

vp =3.66p — 446 Mudstone (Type I) Gaviglio. (1989)

v, =3.66p —4.80 Mudstone (Type III) Gaviglio. (1989)

vp =3.66p - 4.87 Mudstone (Type IV) Gaviglio. (1989)

Vp = 3.66p — 4,11
vy =2.6lp-1.0104
v, =5.00p —8.65 (=055) Crystalline rocks
vy =4.32p ~ 751 (#=0.81) Carbonate rocks

Wackestone (Type V)
Mantle rocks

Gaviglio. (1989)
Henkel et al. (1990)
Starzec (1999)

Yasar & Erdogan (2004b)

Notes: v, is in the unit of km/s and p is in the unit of g/em’; and # is the determination

coefficient.
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Fig. 3.6 Variation of P-wave velocity v, with density p for igneous and metamorphic rocks (from

Schén, 1996).
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Fig. 3.7 Variation of point load index with P-wave velocity for fresh and weathered crystalline
rock (from Gupta & Rao, 1998).
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Fig. 3.8 Variation of point load index with porosity for fresh and weathered crystalline rock
{(from Gupta & Rao, 1998).
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Fig. 3.9 Variation of point load index with Schmidt hammer rebound number for fresh and
weathered crystalline rock (from Gupta & Rao, 1998).
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FUNDAMENTALS OF ROCK MECHANICS
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Fig. 4.5.2 A composile representation of the complele siress-strain .curve and the
incremental radial stress-axial strain curve for a suite of triaxial compression tests donc
in a stiff-testing machine and in a stiff, sealed triaxial cell, using specimens of argillaceous
quarizite prepared from a single piece of rock. The axial sections through spccimens
stopped at various stages of compression show the structural changes associaled with the
csinplele stress—strain curve and associated dilatancy (after Hallbauer er al., 1973).
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Figure 6.1 The complete stress—strain curve.
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Figure 6.2 The complete stress—strain curve illustrating various mechanical
parameters.
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Figure 6.4 Repeated loading and unloading to illustrate the variation in secant
modulus throughout the complete stress—strain curve (from Bieniawski, 1968).
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Figure 6.5 Stress- and strain-controlled stress—strain curves.
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Figure 6.8 Examples of complete stress—strain curves for different rocks (from
Wawersik and Fairhurst, 1970).
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Figure 6.13 Specimen loading conditi ons in general laboratory use.
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Figure 6.16 Time-dependent effects and the complete stress—strain curve.
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Figure 13.6 Multi-component rheological models.
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Figure 13.5 Two-component rheological models.
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