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Abstract

Deep geological radioactive waste disposal is generally based on isolation of the

waste from the biosphere by multiple barriers. The host rock is one of these

barriers which should provide a stable mechanical and chemical environment for

the engineered barriers.

In the evaluation of the safety of the high-level radioactive waste disposal

systems, an important part of the safety analysis is an assessment of the

coupling or interaction between thermal, hydrological, and mechanical effects. In

order to do this assessment, adequate data on the characteristics of different host

rocks are necessary.

The properties of the rock and rock discontinuity are very complex and their

values vary in a wide range. The accuracy of the result of the assessment

depends on the values of these properties used.

The present study is an attempt to bring together and condense data for the

basic properties of various rock masses, which are needed in the

thermo-hydro-mechanical analysis for the deep geological radioactive waste

repository. The testing and measurement methods for these basic properties are

also presented. Domestic data for deep geological media should be supplemented

in the future, due to the insufficiency and the lack of accuracy of the data

available at present.
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Basic Rock Properties for the Thermo-Hydro-Mechanical Analysis

of a High-Level Radioactive Waste Repository

1. Introduction

The objective of radioactive waste disposal is to isolate the waste from man and

his environment in a manner which ensures that any release of radionuclides will

not cause unacceptable radiation exposures. Deep geological disposal of high-level

radioactive waste is generally based on isolation of the waste from the biosphere

by multiple barriers. One of these barriers is the host rock which should provide

a stable mechanical and chemical environment for the engineered barriers.

In order to evaluate the various geological media considered for disposal of nuclear

waste, it is necessary to obtain adequate data on the characteristics of different

host rocks. The mechanical properties of rock masses are very complicated, and

depend on the generation process of minerals, the time of mineral generation,

mineral compositions, and discontinuities within rock masses, etc.

In the evaluation of the safety of the disposal systems, an important part of the

safety analysis is an assessment of the coupling effects of rock mass stability,

groundwater flow through the repository, external stresses, and thermal effects.

The results of the analysis generally differ from real behaviour. In most cases,

this discrepancy results from the assumption frequently used in the analysis that

rock mass is regarded as a continuum without any discontinuity. In reality,

discontinuities always exist in the form of fractures or joints in the rock mass and

give great influences on the rock strength and deformation. Nevertheless, studies

in this field are very limited because of the difficulties in the analysis and in

choosing material properties.

In recent years, major research efforts have been devoted to the mechanical

behaviour of discontinuities in rock. This growing research interest is partly a

result of the development of geomechanical modelling tools capable of simulating

discontinuous rock masses, provided that realistic material properties are available.

Another contributing factor is the evolvement of geoscientific issues requiring

understanding of the mechanics of individual discontinuities as well as their

contributions to overall rock mass behaviour. This applies in particular to the

problem of hazardous waste disposal in hard rock formulations.
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For problems in jointed rock masses, the following problems also need to be

addressed: a) coupled thermo-hydro-mechanical (T-H-M) processes in

multi-phase systems; b) representative elementary volume for flow, deformability

and strength; c) variability of properties in time and space; d) damage of

discontinuity surfaces; and e) scale effects.

The material properties of the rock and rock discontinuity, unlike the other usual

construction materials, are complex and their values vary in a wide range. The

accuracy of the result of the analysis depends largely on the values of these

material properties used. It is highly recommended to use correct values of these

material properties through the accurate geological investigation and laboratory

testing.

The present study is an attempt to bring together and condense information about

the basic rock properties needed in the thermo-hydro-mechanical analysis for a

high-level radioactive waste repository.

The information compiled have primarily been gathered from borehole investigations

and observations, done in foreign countries, in connection with rock engineering

activities, such as in-situ testing, mining, and laboratory work, in relevant

geological environments. The candidate repository host rocks selected in the

present study are granite, gneiss, granodiorite, tuff, diorite, andesite, and basalt.

The list of the basic rock properties considered in this study are as follows:

dry density or unit weight

porosity

viscosity

water content

degree of saturation

compressive strength

shear strength

tensile strength

Young's modulus

Poisson's ratio

volumetric strain

shear modulus of rigidity

bulk modulus of elasticity

cohesion

friction angle

thermal conductivity

thermal diffusivity

specific heat

thermal coefficients of expansion
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joint: joint, joint set, joint system

dip: dip angle, dip magnitude, dip orientation, dip direction

joint aperture

hydraulic conductivity

hydraulic aperture

crack initiation stress

crack damage stress

In addition, methods for the testing and measurement of the corresponding basic

rock properties are explained in the following chapter.
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2. Basic Rock Properties

Different geologic formations are being investigated as to their suitability to serve

as a repository host rock. The most important candidate repository host rocks are

granite and similar crystalline rocks, tuff, and basalt.

According to the geologic rock cycle the rocks of the earth's crust fall into three

main groups: igneous rocks, sedimentary rocks, and metamorphic rocks. Igneous

rocks have been formed by cooling and crystallisation of magma as intrusive rocks

(e.g., plutonic rocks like granite) or extrusive rocks (volcanic rocks like basalt and

tuff). Plutonic rocks were formed by slow cooling of molten rock masses below

the earth's surface.

Granite is an intrusive igneous rock. It was formed by fusing of rocks beneath

the earth's surface under high pressure and subsequent cooling. The cooling was

so slow that complete crystals could develop. Some closely related crystalline

rocks were formed by metamorphic processes (granitization) without having been

molten. About 70 to 80% of all near surface granitic rocks were formed in the

pre-cambrian era, more than 600 million years ago.

Granite characteristically occurs in irregularly formed masses of variable size. The

larger masses, often hundreds or thousands of square kilometers in area, are

known as batholiths. They extend to great depths and are assumed to originate

from the shell of the lithosphere. Normally they are divided into blocks of high

uniformity in both horizontal and vertical dimensions.

Being the most common plutonic rock of the earth's crust, granite exists in many

countries. Investigations on the disposal of high level radioactive wastes in granite

or similar crystalline rocks are being performed in Canada, Finland, France, Japan,

Sweden, Switzerland, the United Kingdom, the United States and to a minor extent

in the Federal Republic of Germany. Underground laboratories are being

operated in France, Canada, Sweden, Switzerland, and the United States. In most

of these countries these formations are the potential host rock of primary concern.

Typically large granitic masses are fractured in preferred orientations. Minor joints

can be separated by a few centimeters or meters, but also homogenic blocks can

be found without major fractures for several hundreds of meters. Generally the

degree of fracturing decreases with increasing depth, but fractured zones have been

encountered at depths of more than 400m.

The matrix material is only slightly porous (less than 1%) and has a very low

hydraulic conductivity. Therefore water movement in practice almost exclusively
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occurs in fissures and fractures. The hydraulic conductivity of the rock mass

depends on the degree of fracturing and on interconnections between fractures. It

varies between 10 9 to 10 13rn/s in unweathered rock and 10 to 10 in weathered

rock. This high variability makes intensive site investigations necessary in order

to predict groundwater movement at a specific repository site.

Normally at depths envisaged for repositories no significant aquifers and no

circulating groundwater will be encountered in granitic formulations. However,

some groundwater may be present in fractures and secondary openings. The

mechanical stability is high. It depends on crystal size, on the degree of

stratification and on mineral composition. The compressive strength ranges

between 60 and 300MPa. It decreases with increasing mica content and increasing

crystal size. Young's modulus ranges between 1X103 and 8xlO4MPa, Poisson's

ratio between 0.05 and 0.43. The response to mechanical loading can be

characterized as brittle and non-plastic. The high structural strength enables a

high stability of mined openings inside a rock mass and makes mining easy.

Thermal impact on granitic rocks will lead to a minor closing of fractures and

openings. The thermal expansion of the matrix material is low, the temperature

coefficient of linear expansion is about 0.83 X105 to 1.0Xl0"5l/K. However,

thermally induced stresses may lead to microcracking, if individual constituents

have different thermal expansion characteristics. Also different thermal expansion

of rock and water inclusions has to be taken into account. (The temperature

coefficient of volume expansion of water at 20° C is 0.2 X 10"3l/K). The thermal

conductivity of granite is moderately good (3-3.5W/mK) and rather independent on

temperature. Investigations in the Stripa mine have shown that heat transfer also

in fractured rock is governed by conduction and that it can be predicted by a

linear heat conduction model.

Basalt is a usually dark gray or black extrusive igneous volcanic rock which

formed and still forms by rapid cooling of molten lava at or near the earth's

surface. By repeated or continued extrusion from fissures thick and extensive

basalt flows may form. Because extrusions probably occured in every geological

period, basalts range in age from pre-cambrian to recent.

Basalt flows on land have rugged to smooth surfaces. Normally they consist of

three layers: a compact and massive interior which is surrounded by rubbly and

porous layers at the top and the bottom. Basalt typically contains small voids

called vesicles. The vesicle size varies from one to a few millimeters to several

centimeters. The vesicle porosity is highest at the top and the bottom of flows

and decreases a few meters from the surface.

The hydraulic properties of basalt flows depend upon the extent of fracturing and

jointing. In the center at sufficient distance from cooling surfaces permeability is

low, rubble zones and interlying beds may provide highly permeable regions. At

the Near Surface Test Facility (NSTF, Hanford), Washington, hydraulic
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conductivity within the center of the flow has been measured at 10 13m/s. At the

flow top a conductivity of 10~7m/s was measured. For radioactive waste

repositories it may be difficult to identify sufficiently large regions of low

permeability.

The mechanical properties depend upon the mineralogical structure inside the basalt

flow and can be quite different. Fine grained basalts have highest compressive

strength. Generally basalt is a relatively hard rock. The compressive strength can

be as high as 400MPa. Young's modulus ranges between 8X104 and 12xiO4MPa.

Poisson's ratio is about 0.25.

Basalt has a moderate to low thermal conductivity. It increases as the proportion

of glassy material decreases. In the NSTF a coefficient of thermal conductivity of

1.7W/mK was measured.

Tuff is a sedimentary volcanic rock formed by compaction and cementation of dust

ejected by volcanic eruptions. In most cases tuff is produced by ejections through

volcanic chimneys, but some large deposits originate from ejections through narrow

fissures. Intrusive tuffs result from underground volcanic explosions. Since there

have probably been volcanic eruptions in every geological period, tuffs like basalt

range in age from pre-cambrian to recent.

Great differences not only exist inside a deposit but also between individual

deposits. According to their principal constituents, tuffs are grouped as vitric,

crystal, or lithic. Vitric tuffs originate from liquid lava and are composed

principally of glassy material. They are generally characteristic of violent

explosions, and they usually can be found at greater distances from the source.

After deposition the individual glass fragments by the action of heat and pressure

are compacted and fused together to form a welded tuff. Crystal tuffs are mostly

produced by eruption of lava in which crystals have already developed. Lithic

tuffs are composed mainly of fragments produced by violent disintegration of solid

lavas or of rocks originating from the surrounding of the volcanic vent. The

hydraulic properties of tuff depend upon the degree of welding, upon porosity and

upon fractures characteristics. Generally the porosity in welded tuff is 10~40vol %,

in non-welded tuff it is considerably higher.

The mechanical properties differ widely between welded and unwelded tuff.

Generally the compressive strength is fairly low compared to other volcanic rocks.

In the rock of a welded deposit at Yucca Mountain, Nevada, an unconfined uniaxial

compressive strength is only about 20 to 30MPa. The coefficient of the thermal

conductivity ranges between 1.4W/mK and 2,46W/mK. Non-welded porous tuffs

have lower thermal conductivity than welded tuffs. In the formation at Yucca

Mountain, Nevada, the measured thermal conductivity was 1.6W/mK at 240°C.

The basic rock properties of the important candidate repository host rocks are

summarized in the followings:
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Properties of Granite

Dry density (kg/m3 ) = 2540 - (2630) - 2700

Ref. [1], [2], [9], [10], [14], [15], [16]

Porosity (%) = 0 - (0.26) - 1.0
Ref. [1], [2], [15]

Unconfined compressive strength (MPa) = 58 - 329
Ref. [1], [2], [6], [7], [12], [13], [15]

Brazilian tensile strength = 6.17 - 12.07
Ref. [2], [7], [14], [16]

Young's modulus (GPa) = 1.0 - (63) - 80
Ref. [2], [5], [6], [7]

Poisson's ratio = 0.05 - (0.26) - 0.43
Ref. [2], [6], [7], [9], [11], [13], [14], [15], [16], [18]

Shear modulus of rigidity (GPa) = 15 - (19) - 28.26
Ref. [7], [11], [16]

Bulk modulus of elasticity (GPa) = 2 5 - 4 2
Ref. [7], [9], [11], [16]

Cohesion (MPa) = 0 - (0.25) - (0.91) - 20
Ref. [11], [14], [16]

Angle of internal friction (°) = 25° (dilation angle=6.75° - 9.4°)
= 25.6° (incl. dilatancy 2.0°)
= 40°
= 16° - 48° (@400-600m depth)

Ref. [1], [9], [11], [14], [16]

Thermal conductivity (W/mK) = 3 - 3 . 5
(W/mC) = 2.5

Ref. [8], [9], [11], [14]

Specific heat (J/kgK) = 741 - 800
Ref. [9], [11], [14]

Thermal expansion coefficient (1/ °C) = 7.7 x 10"6 @20°-30°C
= 9.6 x 10"6 @90°-100°C
= 8.0 x 10"6

Ref. [7], [8]
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Linear thermal expansion coefficient (1/K) = 0.83 X1(T5 - 1.

Ref. [9], [11], [14]

Hydraulic conductivity (m/s @20°C water @400-600m depth) = 10"13 - (10~9) - 10"6

Ref. [1], [14], [16], [19]

Thermal diffusivity (m2/s) = 1.67 x 10"6

Ref. [9]

Confining pressure (MPa) = 0 - 9 8
Ref. [1]

Viscosity (Pas) = 3.7 x 1019 - 7.1 x 1019

Ref. [6]

Viscosity of water (Pas) = 0.001 @20°C, 0.0007 @5°C
Ref. [9]

Dynamic viscosity (Ns/m2) = 1.002 X 10"3 @20°C, 0.3592 x 10~3 @80°C
Ref. [14]

Longitudinal wave velocity (m/s) = 5500 - 6000
Ref. [1]

Crack damage strength (MPa) = 105.3 - 168.5
Ref. [13]

Crack initiation stress (MPa) = 33.0 - 69.7
Ref. [13]

Hydraulic aperture (//m) = 1 - (50) - 100
Ref. [9], [14], [16]

Joint properties'-

Normal stiffness (GPa/m) = 10 - (400) - 2000
Ref. [9], [11], [14], [16]

Shear stiffness (GPa/m) = 1 - (4) - (10) - 1000
Ref. [9], [11], [14], [16]

Joint normal stiffness, jkn (GPa) = 1 - (15000) - 16267
Ref. [16]

Joint shear stiffness, jks (GPa) = 0.1 - (1000) - 72740
Ref. [16]
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Fracture frequency (m) = 0.2 - (0.6) - 2.0
Ref. [18]

Fracture density (RQD) = 2 5 - 9 0
Ref. [18]

Joint tensile strength, jten (MPa) = 0
Ref. [11], [16]

Joint roughness coefficient (JRC) = 0 - 6
Ref. [18]

Exp. of joint elastic normal stiffness, jen = 1.1586
Ref. [16]

Exp. of joint elastic shear stiffness, jes = 0.8697
Ref. [16]

Joint roughness parameter, jr = 0.0001
Ref. [16]

Joint initiation friction angle, jif = 43.5
Ref. [16]

Joint friction angle, jfric = 37.6
Ref. [16]

Friction coefficient (tanp) = 0.839
Ref. [4]

Hoek and Brown failure parameter: m = 30.0 - (30.54) - 31.17
s = 1

ac = 120 MPa
Ref. [2], [20]

Softening parameter (k, strain units) = 0.02
Ref. [20]

Point load strength (MPa) = 7.5 - (9.5) - 10.7
Ref. [13]

Rock joint property:

Dip direction/dip ( )
285/75
185/80
330/30

Ref. [14]

Spacing (m)
5.0
4.8
3.6
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Properties of Gneiss

Density (kf/dm3) = 2.65 - 2.8

(kg/m3) = 2701 - 2767

Ref. [4], [13], [17]

Porosity (%) = 0.142 - 0.318

Ref. [17]

Unconfined compressive strength (MPa) = 26 - (154) - 340

Ref. [6], [13]

Tensile strength (MPa) = 5.4 - (9.8) - 10

Ref. [4], [17]

Modulus of elasticity (GPa) = 1.0 - (59.7) - 86

Ref. [5], [13], [17]

Poisson's ratio (u) = 0.22 - (0.28) - (0.32) - 0.34

Ref. [1], [13], [17]

Shear modulus (GPa) = 24

Ref. [4]

Bulk modulus (GPa) = 40

Ref. [4]

Cohesion (MPa) = 50

Ref. [4]

Friction coefficient ( tan?) = 0.839

Ref. [4]

P-wave velocity (m/s) = 4446

Ref. [17]

Crack damage strength (MPa) = 49 - (104) - 182.9

Ref. [13], [17], [22]

Crack initiation stress (MPa) = 29 - (64) - 83.7

Ref. [13], [17], [22]

Note: incl. Granitic Gneiss, Mica Gneiss, Tonalitic Gneiss, Leucotonalite Gneiss
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Properties of Granodiorite

Density (kg/m3) = 2680 -2720

Ref. [12], [13]

Porosity (%) = 1.3

Ref. [12]

Uncinfined compressive strength (MPa) = 109.4 - 144.4

Ref. [12], [13]

Indirect tensile strength (MPa) = 6.9

Ref. [12]

Young's modulus (GPa) = 6.9 - (41.4) - 75.4

Ref. [5], [13]

Poisson's ratio ( v ) = 0.23 - 0.31

Ref. [12], [13]

Cohesion (MPa) = 23.3

Ref. [12]

Internal friction angle (degree) = 52.6
Ref. [12]

Crack damage strength (MPa) = 68.2 - 96.0

Ref. [13]

Crack initiation stress (MPa) = 41.6 - 58.0

Ref. [13]

P—wave velocity (km/s) = 5.8

Ref. [13]

Point load strength (MPa) = 8.5

Ref. [13]
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Properties of Tuff

Density (kg/m3) = 2320

Ref. [21]

Porosity (%) = 1 0 - 4 0

Ref. [1]

Uniaxial compressive strength (MPa) = 4 - (161) - 290

Ref. [6], [21]

Deformation modulus (GPa) = 2.1 - (15.8) - 19.4

Ref. [5], [21]

Poisson's ratio ( v ) = 0.17 - (0.27) - 0.29

Ref. [1], [21]

Shear modulus (MPa) = 6.23 X103

Ref. [21]

Bulk modulus (MPa) = 9.05 xlO3

Ref. [21]

Cohesion (MPa) = 12.1 - 23.5

Ref. [21]

Angle of internal friction (degree) = 23.35 - 23.65

Ref. [21]

Thermal conductivity (W/mK) = 1.4 - (2.12) - 2.46

Ref. [21]

Specific heat capacity (J/kgK) = 931

Ref. [21]

Thermal expansion coefficient (K"1) = 8.8xlO"6

Ref. [21]
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Joint mechanical properties:

Cohesion (MPa) = 0 - 0 . 2

Ref. [21]

Angle of internal friction (degree) = 11.8 - (28.4) - 38.7

Ref. [21]

Initial temperature (°C) = 26

Ref. [21]

Initial horizontal stress (MPa) = -3.5

Ref. [21]

Initial vertical stress (MPa) = -7.0

Ref. [21]
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Properties of Diorite

Density (kg/m3) = 2650 - 2750

Ref. [15]

Porosity (%) = 0.3 - 0.34

Ref. [15]

Unconfined compressive strength (MPa) = 64 - (103) - (210) - 333

Ref. [6], [15]

Young's modulus (GPa) = 1.8 - (17.1) - (65) - 80

Ref. [5], [15]

Poisson's ratio = 0.22 - 0.29

Ref. [15]

Hydraulic conductivity (m/s) = 2.59X10"10 - 4.68 X10'7

Ref. [19]
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Properties of Andesite

Density (kg/m3) = 2580 - 2660

Ref. [8]

Porosity {%) = 1.8 - 2.7

Ref. [8]

Unconfined compressive strength (MPa) = 45.5 - (77) - (133.5) - 304

Ref. [6], [8]

Tensile strength (MPa) = 13.7

Ref. [8]

Young's modulus (GPa) = 18.0 - (30.3) - 38.4

Ref. [5], [8]
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Properties of Basalt

Compressive strength (MPa) = 400

Ref. [28]

Young's modulus (MPa) = 8xiO4 - 12xlO4

Ref. [28]

Poisson's ratio ( v ) = 0.1 - (0.2) - 0.25

Ref. [6], [28]

Thermal conductivity (W/raK) = 1.7

Ref. [28]

Hydraulic conductivity (m/s) = 10"13 - 10"7

Ref. [28]
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3. Testing Methods of Rock Properties

Dry Density or Unit Weight

The weight of solids divided by the total volume of the specimen

Porosity

Pore volume as a percentage of total volume

Water Content

Ratio of water to solids by weight

Degree of Saturation

Ratio of water to pore space by volume

Compressive Strength:

Standard Methods; - USBM (US Bureau of Mines) Method

- ISRM (International Society for Rock Mechanics) Suggested

Method

Index Tests; - Point Load Test

- Schmidt Hammer Test (Rebound Test)

Triaxial Compression Test

Standard Methods;

Uniaxial Compression Test by USBM Method

The rock specimen is usually a piece of core or right circular cylinder drilled in a

meaningful direction. The specimen diameter is ussually 1 in, but 2, 3/4, or 1/2 in

sizes can also be used provided that the smallest dimension of the specimen is at

least 10 times the maximum grain size. The length of the specimen, 1, should be

twice the diameter, d, but other lengths down to a 1:1 ratio of 1/d can be used.

The compressive strength is defined as the peak stress applied to the specimen,

based on the initial specimen cross-sectional area. For a specimen of diameter d

and peak load P, the compressive strength is then

Co= P/(nd2/4)

Early specification quoted the final value as one equivalent to a test with a length,

1, to diameter, d, ratio of l'-l, but later versions quoted the value for l/d=2 by the

use of the formula
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Co = C/(0.875+0.25(d/J))
where C is load/area for 1/d not equal to 2 (i.e. d/1 not 0,5) (Ref. 6).

Uniaxial Compression Test by ISRM Suggested Method

To avoid the complication of a correction factor, and to try to ensure uniform

stress in the specimen this method specifies the test conditions much more closely

than the USBM system. The diameter of the specimen should be not less than

NX core, 54mm, and the length to diameter ratio should be 2.5 to 3.0. The platens

are required to be very nearly the same diameter, d, as the specimen, specified as

between d and d+2mm, with a thickness at least d/3 or 15mm. The use of

capping materials or end surface treatment other than machining to within 0.02mm

flatness is not permitted. The use of only one spherical seat on top platen is

allowed

The compressive strength is again defined as the peak load divided by the original

specimen cross-sectional area(Ref. 6).

Load

length, / >:.;&:*

I Hi••
m%g:

Spherical
seal

Rock
specimen

diameter, d

Platen

Figure 1 ISRM uniaxial compressive test

Index Tests;

Point Load Test

A piece of core is loaded across its diameter between two hardened steel points as

illustrated in Fig.2 (Ref. 5) which show two alternative commercially available

point load testing machines.

The point load index is given by: Is = P/D2

where P is the load required to break the specimen and D is the diameter of the

core. Note that the length of the core piece should be at least 1.5 times the

diameter of the core. If the diameter of the core is expressed in millimeters, an
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approximate relationship between the point load index Is and the uniaxial

compressive strength oc is given by: ac = (14 + 0.175D)Is

Figure 2 A point load testing machine used for strength index
testing in the field

Point Load Test for Irregular Shaped Blocks

The standard size and type of point load test computation is

Is(so) = P/D2

with P the load at failure, D the diameter of a diametrally tested core of 50mm

diameter. For other core sizes the P/D2 is ratained and can be multiplied by a

size correction factor F.

Uncorrected strength: Is = P/D2

Corrected strength: Is<so) = F • P/D2

where F = (D/50)0"5

For shapes other than cores an equivalent core diameter, De, is calculated such

that the minimum cross-sectional area is

A = WD = U/4)De
2

or

De
2 = (4/TT)WD

The strength computation can then be performed using De instead of D, that is

hm = F • P/De
2

and F = (Dc/Wf*5 = (De
2/2500)052S

For irregular shaped blocks, the types of test specimens for point load testing are

shown in the following Fig.3.
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For a valid test the fracture, or fractures, should pass through both loading points.
Fig.4 shows some valid and invalid fractures.

Diametral test Axial or disc test

0.ZW<O<W

Equivalent core

D<W

Irregular lump test

Figure 3 Types of test specimens for point load testing, with
suggested proportion limits

Some valid diametral, axial and block tests

Some invalid tests

Figure 4 Valid and invalid point load test ficactures
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Whilst the point load test is often considered as a type of tensile splitting test, it
is usually converted to compressive strength, Co, by

Co = 22 Is(so) (both in MPa)
The prediction of uniaxial compressive strength from point-load strength is
unreliable. Point-load strength is best used directly for rock classification rather
than a means of predicting uniaxial compressive strengtMRef. 6).

Schmidt Hammer Test (Rebound Test)
The Schmidt rebound hammer, initially used for concrete testing can also be used
to give a quick, approximate estimate of rock strength. The very portable type L
hammer used in rock testing contains a spring-loaded plunger that is pressed
against an outcrop surface or core specimen. When fully depressed, a weight is
released that strikes the plunger and rebounds by an amount registered by a
pointer and scale, giving the Schmidt rebound number. The height of rebound is
proportional to the hardness(resilience) of the rock surface, zero for very soft
materials and close to 60 when the surface is hard and unbroken.
The test is simple and can be useful in the field to conform the quality of rock
exposed in foundations, tunnels, and shaft The surface to be tested must be
clean, smooth, and unaffected by joints and fissures; otherwise unrealistically low

(a)
Figure 5 Schmidt hammer:

(a) schmidt rebound hammer in calibration anvil,
(b) schmidt rebound hammer in use
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values of the rebound number are recorded. Rock core specimens for testing in
the laboratory must be securely mounted in a heavy steel V block, or the results
will be influenced by energy losses in the mounting(Ref. 26).

Triaxial Compression Test

The specimen is placed inside a pressure vessel(Figs.6 and 7) and a fluid pressure,

(7 3, is applied to its surface. A jacket, usually made of a rubber compound, is

used to isolate the specimen from the confining fluid which is usually oil. The

axial stress, G\, is applied to the specimen via a ram passing through a bush in

the top of the cell and hardened steel end caps. Pore pressures, u, may be applied

or measured through a duct which generally connects with the specimen through

1 I 1
seal

specimen
rubber
jacket

confining
pressure

Figure 6 Elements of a conventional triaxial testing apparatus

Hordened ond ground
steel sphericol seats

Rubber sealing joefcet

Sample diameter
(diameter 3 8 mm fo 51 mm typically \

Bafoncing piston

I
Load cell

LVOT holding ring

Sample jacket
Rock specimen (SI m m
diometer, IO2 mm length)
O-Ring seal for sleeve

LVOT

Electric leod duct

Clamping ring
Duct (or confining fluid

Figure 7 Two triaxial test designs:

(a) hoek cell (after Hoek and Franklin),

(b) cell used by Elliot and Brovm
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the base of the cell. Axial deformation of the specimen may be most conveniently

monitored by linear variable differential transformers(LVDTs) mounted inside or

outside the cell, but preferably inside. Local axial and circumferential strains may

be measured by elastic resistance strain gauges attached to the surface of the

specimen(Fig.7). It is necessary to have available for use with the triaxial cell a

system for generating the confining pressure and keeping it constant throughout

the test(Ref. 27).

Tensile Strength:

Standard Method; ISRM Brazil Test

Nonstandard Method; Triaxial Compression-Tensile Test

Other Methods; Direct Tensile Test

Estimates by Rock Type and Compressive Strength

Standard Method;

ISRM Brazil Test

The Brazilian tensile test is an indirect method frequently used for determining the

tensile strength of rock. In this test, the tensile stress, according to elasticity

theory, is developed across the vertical diameter of short cylinders diametrically

line loaded. The specimen size is specified as at least NX core. The sample

uaually fails by splitting along the line of the diametrical loading. The tensile

strength, To, is then calculated at failure from the formula

To = 2P/( x Dt)

with P the load at failure, D the diameter and t the thickness of the specimen. At

least five test results should be averaged(Fig.8)(Ref. 6).

!i
Guide pins in
clearance holes

V//////////////////////////////777/W/7/.

L I

Figure 8 Apparatus for ISRM Brazil test
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Nonstandard Method;

Triaxial Compression-Tensile Test

The rubber sleeved "dog-bone" specimen is subjected to hydraulic pressure p

which generates radial stresses a\ = a2 = p and an axial tensile stress- a 3 which
is given by

a 3 = p(d22-di2)/di2

where di is the diameter of the center of the specimen and da is the diameter of
the enlarged ends of the specimen. Adjustment of the pressure applied to the
rubber sealing rings can be achieved by tightening or loosening the threaded end
pieces of the cell. This adjustment can be used to vary the clearance gap between
the sleeved specimen and the sealing rings such that a small oil leakage occurs
when the cell is pressurized. This leakage minimizes end friction on the specimen
and ensures that the specimen is not eccentrically loaded. The average of at least
five test values should be calculated(Ref. 5).

.Rubber sealing ring

t Clearance gap
I Hydraulic pressure

^\ Bock specimen
Latex rubber sleeve

Figure 9 Apparatus for inducing triaxial stress conditions in

which one of the principal stresses is tensile(after Hoek)

Other Methods;

Direct Tensile Test

The stress state in a direct tension test is theoretically clearer than in an indirect
test, but it is also more sensitive to imperfect specimen shape and mounting.
Generally the direct tensile test gives lower strength values, which can be
understood by seeking the weakest link of the specimen.

The direct tensile test can be done with the same specimens, measuring and test
system as the compression test. In addition to the indirect Brazil tensile test the
axial and radial deformations can be measured directly. To apply tension the
specimen ends are glued to steel end caps. The end caps are screw mounted to
direct tension test fixtures(Fig.lO). The tension fixture has a spherical joint to
confirm direct tension and to prevent any moments.
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Conducting a direct tensile test is done in two steps. First the sample is driven

to a small steady tensile stress of 0.25MPa. After that the actuator is driven

down with a constant velocity of 0.01163mm/min, corresponding to a strain rate of

0.0076%/min or a loading rate of 32MPa/min. The test is stopped after tensile

faiIure(Ref. 22).

Specimen-

-Epoxy cement

-Epoxy

(a) (b)

Figure 10 Direct tensile strength tests

Estimates of Tensile Strength by Rock Type and Compressive Strength

As there is a strong correlation between tensile strength and compressive strength

with a generally agreed overall value of Co=10To, any method of measuring, or

estimating, the compressive strength can be used to estimate the tensile strength-

Some of the methods used to estimate compressive strength, notably the point load

test and the rock impact hardness number, are generally better estimators of the

tensile strength.

For tests on a wide variety of rocks the ratio of G/To is variable. The ratio of

(VTo for granite is 2.0.

Co =20To = 30ISC50) . with To = 1.5Is<50>

Too much reliance should not be placed on the va!ues(Ref. 6).
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Young's Modulus
Young's modulus is the constant of proportionality or gradient of the curve for the

axial strain and stress in a uniaxially loaded specimen. Young's modulus is not

constant if the material is nonlinearly elastic or inelastic, but nevertheless can be

defined approximately as a function of stress for any material that approximates

elastic behavior. It may be calculated in a number of ways, the most common

being:

- Tangent Young's modulus: The slope of the axial stress-axial strain curve

at some fixed percentage, generally 50%, of the peak strength.

- Average Young's modulus: The average slope of the more-or-less straight

line portion of the axial stress-strain curve.

- Secant Young's modulus: The slope of a straight line joining the origin of

the axial stress-strain curve to a point on the curve at some fixed percentage

of the peak strength.

- Chord Young's modulus: The slope between two specified stresses of the

axial stress-strain curve.

Poisson's Ratio
Corresponding to any value of Young's modulus, a value of Poisson's ratio may

be defined as the ratio of lateral to longitudinal strain (i.e. the ratio of radial to

axial strain) in a uniaxial compressive test. It has values close to 0.25 for many

metals, but is substantially lower for most rocks and higher for some others.

Volumetric Strain
Due to the axial symmetry of the specimen, the volumetric strain at any stage of

the test can be defined as the sum of the axial strain and two times of the radial

strain.

Shear Modulus of Rigidity (Modulus of Rigidity)
The ratio of applied shear stress to measured shear strain in a pure shear test.

Bulk Modulus of Elasticity (Bulk Modulus)
The ratio of applied hydrostatic pressure to volumetric strain (contraction per unit

volume) in a hydrostatic compression test.

Shear Strength of Discontinuities
Conditions for slip on major pervasive features such as faults or for the sliding of

individual blocks from the boundaries of excavations are governed by the shear

strengths that can be developed by the discontinuities concerned. In addition, the

shear and normal stiffness of discontinuities can exert a controlling influence on
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the distribution of stresses and displacements within a discontinuous rock mass.

These properties can be measured in the same tests as those used to determine

discontinuity shear strengths.

The most commonly used method for the shear testing of discontinuities in rock is

the direct shear test(Ref. 27).

Direct Shear Test

As shown in Fig.ll, the discontinuity surface is aligned parallel to the direction of

the applied shear force. Two halves of the specimen are fixed inside the shear

box using a suitable encapsulating material, generally as epoxy resin or plaster.

This type of test is commonly carried out in the laboratory, but it may also be

carried out in the field, using a portable shear box to test discontinuities contained

in pieces of drill core or as an in-situ test on samples of larger size.

Test arrangements of the type shown in Fig.lla can cause a moment to be

applied about a lateral axis on the discontinuity surface. This produces relative

rotation of the two halves of the specimen and a non-uniform distribution of stress

over the discontinuity surface. To minimize these effects, the shear force may be

inclined at an angle (usually 10°-15°) to the shearing direction as shown in

Fig.llb. This is almost always done in the case of large scale in-situ tests.

Because the mean normal stress on the shear plane increases with the applied

shear force up to peak strength, it is not possible to carry out tests in this

configuration at very low normal stress.

Direct shear tests in the configuration of Fig.lla are usually carried out at

constant normal force or constant normal stress. Tests are most frequently carried

out on dry specimens, but many shear boxes permit specimens to be submerged

and drained shear tests to be carried out with excess joint water pressures being

assumed to be fully dissipated throughout the test Undrained testing with the

measurement of inclined joint water pressures, is generally not practicable using

the shear box.
(a) (b)

N N

Figure 11 Direct shear test configuration: (a)the shear force applied

parallel to the discontinuity, (Wan inclined shear force

The triaxial cell is sometimes used to investigate the shear behavior of

discontinuities. Specimens are prepared from cores containing discontinuities

inclined at 25°-40° to the specimen axis. A specimen is set up in the triaxial cell
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as shown in Fig.l2a for the case of anisotropic rocks, and the cell pressure and

the axial load are successively applied. The triaxial cell is well suited to testing

discontinuities in the presence of water. Tests may be either drained or undrained,

preferably with a known level of joint water pressure being imposed and

maintained throughout the test

It is assumed that slip on the discontinuity will occur. Mohr circle plots are made

of the total or effective stresses at slip at a number of values of 03, and the

points on these circles giving the stresses on the plane of the discontinuity are

identified. The required shear strength envelope is then drawn through these

points. This requires that a number of tests be carried out on similar

discontinuities(Ref. 27).

(b)
/ . slip on
• fracture of rocfc plane of

material weakness

tfw
45 +

tfw 90*

Figure 12 (a)Transversely isotropic specimen in triaxial compression,

(b)variation of peak strength at constant confining pressure

with the angle of inclination of the normal to the plane of

weakness to the compression axis( 0)
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Mohr-Coulomb Strength Criterion
Shear strength envelopes, when nearly linear, are most often represented by a
straight line called the Mohr-Coulomb strength criterion, which is given by the
equation

r = c + <Tn tan?
The two shear strength parameters c and <p are, respectively, the intercept of the
line with the r axis (at an=Q) and the slope of the line, c is called the apparent
cohesion, and 9 the angle of shearing resistance, or friction angle(Ref. 26).

Normal stress, er

Figure 13 Mohr-Coulomb linear strength criterion with Mohr circles

Thermal Conductivity-

Thermal conductivity is a measure of the rate at which heat will travel by

conduction through a rock. It is measured by the quantity of heat transmitted

across a unit cross section in a unit time for a unit temperature gradient.

Measurements on Intact Rock

Thermal conductivity can be measured in the laboratory using a conductivity

comparator. Rocks of low porosity are easier to test than porous saturated ones,

because porous samples must be kept confined, and because pore fluids migrate

under a thermal gradient. Specimens that are partially saturated are difficult to

test because thermal gradients give rise to internal variations in the degree of

saturation. Even more difficult are tests under confining stress with pore-fluid

back-pressure. Comparative tests can be run dry and saturated, making sure that

the test configuration precludes convection(Ref. 26).

Measurements on Jointed Rock

Sanford et al.(1984) describe laboratory measurements of the thermal conductivity

of intact rock into which joint had been progressively introduced by fracturing.

Joints reduced the thermal conductivity in all cases, by approximately 3.5-2.5
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W/mK form the intact to the broken condition. Conductivity decreased

systematically with increasing joint roughness, and increased with increasing stress

normal to the joint plane. Tests such as this are aimed at allowing the thermal

behavior of individual joints to be combined with that of the intact rock for a

simulation of block rock behavior, thus avoiding the expense and difficulty of large

scale testing. In the field, thermal conductivities are oatained by careful one

dimensional or cylindrical heating tests that can be interpreted using closed-form

solutions or by numerical analysis.

Kuriyagawa et al.(1983), for example, used an electric "line heater," 600mm long

and 60mm in diameter, placed at a depth of 3m in a 100mm drill hole. The heater

was held at 440°C for about three months, during which time five thermocouples in

a line at distances of up to 5m from the heat source were used to monitor the

resulting thermal gradient(Ref.23,24, and 26).

Specific Heat

The specific heat of a rock is the amount of thermal energy needed to raise the

temperature of a unit volume of the rock by 1 degree. Specific heats of individual

minerals are obtained using accurate calorimeters, and are usually about

one-quarter the specific heat of water. Because the specific heat of a mass of

minerals is the volume fraction sum of the specific heats of the individual minerals,

a quite precise estimate can be made of the bulk specific heat of any rock whose

mineralogy is known. If a porous rock contains different phases such as minerals

and air, the fractional volume calculation again applies, provided that the phase

concentrations do not change because of flow or phase changes(Ref.26).

Thermal Coefficients of Expansion
Thermomechanical analysis requires not only a study of the effects of the predicted

temperature field on the elastic, plastic, and viscous, yielding and rupture behavior

of the rock mass under applied or excavation loadings, but also a study of the

strains and stresses produced by the temperature changes on their own. For these

thermal stresses and strains to be analyzed, the coefficient of thermal expansion of

the rock must also be measured.

The thermal coefficient of linear expansion a describes the one-dimensional strain

caused by a given change in temperature:

a = -(l/L)(dL/dT)

where dL/L is the thermally induced strain and dT the change in temperature.

Units in the SI system are those of strain per degree celcius. The thermal

coefficient of volumetric expansion is the volumetric strain per degree celcius, and

is 3 times the linear coefficient(Ref.26).

Measurement

Thermal expansion can be measured conveniently using electric resistance strain
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gauges cemented to the faces of cubic or prismatic specimens (Ref. 25).

Because strain gauges are quicker to install, and small and inexpensive, they can

be mounted on more than one cube face to allow the measurement of anisotropic

expansion. The strains in a large number of specimens can be monitored.

Simultaneously by a data logger, which scans at frequent intervals while

temperature is cycled through the range of interest.

Experiments such as these show most rocks and minerals to have nonlinear

thermal expansion characteristics, such that a is constant only within a small

range of temperature. The coefficients of granite increases from about 3 to 6

microstrain/°C over the temperature range of -20 to 50°C.

Other peculiarities of the thermal expansion behavior of rock include anisotropy,

hysteresis, and growth. Thermal expansion anisotropy is a well-known

characteristic of minerals such as quartz, calcite, dolomite, and feldspars. It is also

exhibited by polymineralic rocks. Hysteresis was noted in the behavior of calcite

marbles, in the form of higher a values during cooling than during heating in the

upper range of temperatures. Growth was also most evident for the marbles.

Combinations of nonlinear, anisotropic, and irreversible behavior result in grain

boundary stresses in polymineralic rocks and monomineralic ones containing highly

anisotropic minerals, and also give rise to intergranular stresses and sometimes to

cracking in concretes. It is noted that anisotropic expansion during the heating

and cooling of granite was accompanied by acoustic emission, caused by

intergranular stress and the development of grain boundary cracks. The coefficient

of expansion was high curing the first heating cycle, but further cycle were

accompanied by hysteresis and residual strain. It is noted that cracking of granite

and diabase specimens happened when heated to temperatures in the range of

500-800°C(Ref.26).

Joints:

Joints are the most common and generally the most geotechnically significant

structural features in rocks. Joints are breaks of geological origin along which

there has been no visible displacement. A group of parallel joints is called a joint

set, and joint sets intersect to form a joint system. Joints may be open, filled, or

healed(Ref.27).

Dip:

Orientation, or the attitude of a discontinuity in space, is described by the dip of

the line of maximum declination on the discontinuity surface measured from the

horizontal, and the dip direction or azimuth of this line, measured clockwise from

true north (Fig. 14).
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000",

Figure 14 Definition of dip direction( a) and dip( <p)

Some geologists record the strike of the discontinuity rather than the dip direction,

but this approach can introduce some ambiguity and requires that the sense of the

dip must also be started for unique definition of discontinuity orientation. For rock

mechanics purposes, it is usual to quote orientation data in the form of dip

direction (three digits)/dip(two digits) thus, i.e. 035/70, 290/15. Obviously, the

orientations of discontinuities relative to the faces of excavations have a dominant

effect on the potential for instability due to falls of blocks of rock or slip on the

discontinuities. The mutual orientations of discontinuities will determine the shapes

of the blocks into which the rock mass is divided(Ref. 27).

Joint Aperture

The aperture of a joint (also known as its openness or separation) is the mean

distance separating the two intact joint walls. Note that apertures includes the

thickness of any filling that may be present. Joints may be termed open or tight

according to whether their aperture is large or small. The aperture is usually

greatest for near surface joints as a result of rebound and stress release, and the

joints become tighter as the depth increases.

Apertures are usually just a few micrometers wide, except where the rock has

been loosened by near-surface weathering or blasting, or dissolved by water

flowing through the joints.

Values more representative of conditions at depth can perhaps be back calculated

from measurements of rock mass permeability, assuming a simplified model of

jointing with parallel-plate flow.

Apertures sometimes can be measured using a drillhole television camera or an

impression packer reveal joints that are open and water-conducting and those that

are not In the rare cases where the apertures are very large, they can be

measured directly using a scale or graticule. The integral core sampling method is

potentially an excellent one for investigating apertures at depth.
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Hydraulic Conductivity:

The hydraulic conductivity of subsurface materials has a major impact on the

potential for subsurface migration of pollutants. The characterization of the

hydraulic conductivity usually requires a program of field exploration, laboratory

testing, and in-situ field testing.

The hydraulic conductivity is the accepted terms to relate flow to hydraulic

gradients on the basis of Darcy's equation. The hydraulic conductivity is normally

expressed in m/s in rock engineering.

Measurements of Hydraulic Conductivity;

Laboratory Measurement

There are two basic types of laboratory conductivity test. Constant-head and

falling-head. In the constant-head test, the head differential H is maintained

constant. From Darcy's law, the hydraulic conductivity of the specimen is

calculated as

K = QL/(AH)

where Q is the steady volumetric discharge through the system, L and A are the

length and the cross-sectional area of the core, and H is the head differential.

In the falling-head method, water is supplied to the lower face of the specimen

through a calibrated tube of cross-sectional area a. The head is allowed to fall

from Hi to H2 during time t. Hydraulic conductivity is in this case calculated

from

K = aL/(AT)ln(Hi/H2)

where ln is the base of natural logarithms.

The falling-head method is better for specimens with conductivity less than about

10 6m/s, which includes most rocks(Ref. ).

Piezometer Test

Although the main purpose of a standpipe piezometer is to monitor the hydraulic

head, it also provides a convenient means of measuring hydraulic conductivity.

In a rising-head, or bail, test, a known quantity of water is removed, whereas in a

falling-head, or slug, test, a known quantity is added. Hydraulic conductivity is

then determined from a graph of water level recovery versus time, using the

following expression:

K = Md2/(LT)ln(Hi/H2)

where d is the diameter of the standpipe, L is the length if the drillhole test

section (whose diameter is D), and Hi and H2 are heads at the start and the end

of time interval t. M is a coefficient that for L/D=4 assumes values in the range

of approximately 0.25-1.5, depending on the ratio of hydraulic conductivities parallel

and perpendicular to the test hole.

Constant-head permeability tests in piezometers also give quite consistent results,
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but requires a somewhat more complicated control apparatus than bail or slug

tests. The equation for interpretation is given in the packer tests below(Ref. 26).

Packer Test

In this method of measuring hydraulic conductivity, the most common one in rock

engineering applications, an exploratory drillhole is internally sealed or "packed" to

isolate a test section(Fig.l5).

(,] (b)

Figure 15 Packer permeability test method: (a)single packer test,

(b)double packer test,

When using a single-packer system, one packer is inflated or expanded

mechanically to seal from that point to the base of the hole. Alternatively, two

packers isolate a test section typically 3-6m long at some intermediate location.

Tests are conducted along the length of the hole and sometimes to depth of up to

300m.

The single-packer method is best for tests during drilling, on completion of each

drill run, and is essential when the rock mass is weak or intensely jointed and the

hole likely to collapse. The drill rig remains set up over the hole, and problems of
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inadequate sealing or hole collapse can be rectified by redrilling. The

single-packer method is more expensive because of standby payments for the drill

rig and crew. The double-packer alternative is best when the hole is likely to be

stable. In short holes, the tests can be completed after the drill has left the site

and is no longer an expense to the project.

Hydraulic conductivity for a constant-pressure test using packers is given by the

following equation:

K = Q/[27rL(H1-H2)]ln(2R/D)

where Q is the rate of injection, usually measured by a flow volume meter similar

to the ones used to monitor household water supplies, Hi is the head in the test

section, H2 is the total head measured at a distance R from the drillhole, L is the

length of the test section, and D is the diameter of the drillhole. Hi can be

measured directly using a downhole pressure tranducer or, less reliably, it can be

computed from the pressure measured at surface:

Hi = P/y+ hc-hi

P being the gauge pressure, y the unit weight og water, hc the static head from

the gauge to the test section, and hi the loss of head in the delivery line.

This is similar to the well pump test in that it assumes that a piezometer is

installed to monitor H2 at a distance R from the hole. A more common and

usually more convenient approach is to take all measurements in a single hole, in

which case the hydraulic conductivity can be obtained form the simplified equation

K = N(QAHi-Hw))

where Hwis the head of water and N is a coefficient that for L/D=4 assumes

values in the range of approximately 0.3-2.0, depending on the ratio of hydraulic

conductivities parallel and perpendicular to the test hole(Ref.26).

Well Test

Hydraulic conductivity can also be evaluated using the well test or drawdown test

common in ground water resource evaluations. A 20cm or larger test well is

bored and a submersible pump is lowered to the base of the hole(Fig.l6).

Observation wells or piezometers are drilled and installed at various distances from

the test well. Groundwater is pumped for an extended period while monitoring

drawdown. Hydraulic conductivity is computed from the measured "cone of

depression" in the groundwater table as a function of pumping rate. These

full-scale pumping tests are very expensive at depths greater than 30m, although

at shallow depths they are practical in some rock engineering applications. Packer

tests and falling-head tests in piezometers are cheaper and can provide adequate

data in many cases where pumping tests are not justified(Ref.26).
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Pumping
well

Observation wells (piezometers)

Figure 16 Permeability testing by the well drawdown method

Methods of Stress Measurement:

Overcoring Method

The most common overcoring methods rely on the fact that rock core is relieved

of most of its in-situ stress when drilled, and expands to nearly its initial

unstressed configuration. A simple analogy serves to explain the overcoring

principle. A rubber band is stretched and then marked with lines, say 10mm

apart. The band is cut, allowing the original 10mm length to shrink to some

shorter value. The original tension in the band can be calculated from the known

initial and final lengths of the segment, knowing the coefficient of elasticity of the

rubber. The overcoring technique works the same way but in reverse because

rock is in compression rather than tension.

Stress relief is usually measured by inserting a strain measuring device or

diameter gauge into a small pilot drillhole, recording initial readings, and then

drilling a concentric hole of larger diameter to remove an annulus of core with the

stress meter inside (Fig.17). The stress before overcoring is estimated either

by applying external stress to the core until the stress meter again registers its

initial values, or by computation from initial and final strain measurements,

assuming linear elastic isotropic properties (or some other known behavior) for the

rock.

The overcoring type of stress measuring equipment has the advantage of

permitting the determination of stresses moderately deep in the rock, away from

disturbing influences of near-surface loosening and nearby underground

excavations. The probes can be installed and left in place without overcoring if

the object is to determine stress changes rather than virgin stress. Analysis of

the results must account for the stress disturbance caused by the drillhole

itself(Ref. 26).
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Depth of overcoring, mm

Overcoring

Figure 17 USBM gauge installation and measuring sequence^

(a)main hole is drilled, followed by a pilot hole, by insertion

of the gauge, and by overcoring, (b)continuous measurements

across three diameters during overcoring show when readings

have stabilized, and reveal any unreliable measurements

Hydrofracturing

Deep stress measurements are difficult using overcoring methods because of the

length of cables and because of waterproofing problems. Hydraulic fracturing is

often the only method available for measuring stresses at several hundred meters

to several kilometers. It yields directly the magnitude of the least compressive

principal stress regardless of the mechanical properties of the rock mass, and other

stress components may be estimated:

A single or double straddle packer system is set(inflated) at the required depth

so as to isolate a test cavity. For best results, a relatively impermeable section of

the hole without joints is chosen. A liquid is injected into the test cavity and its

pressure raised while monitoring the quantity injected(Fig.l8). A sudden surge of

fluid accompanied by a sudden drop in pressure indicates that formation

hydrofracture(fracture initiation or breakdown) has occurred. The hydrofracture

continues to propagate away from the hole as fluid is injected, and is oriented

normal to the least principal stress direction. Once the hydrofracture has traveled

about 10 drillhole diameters, injection is stopped by shutting a value, and the

instantaneous shut-in pressure is measured.

The process is repeated several times to ensure a consistent measurement of this

pressure, which is equal to the minor principal stress. The difference in the

breakdown pressure between the first and second trials gives the tensile strength.
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Figure 18 Hydrofracture stress determination-* (a)straddle packer used to

generate hydrofracture, (b)impression packer used to investigate

direction of fracture, (c)appearance of pressure-time hydrofracture

record (from ISRM, 1987)

The direction of the fracture plane can be determined by using a television camera,

an ultrasonic scanner, or an impression packer. When the plane of fracturing is

nearly parallel to the drillhole, the following expressions may be used to calculate

the principal effective stress components'

6 min ~ * s ~ * o

a m« = T + 3PS - Pf - Po (1st cycle)

a max = 3PS - Pr - Po (subsuquent cycles)

where T is the tensile strength of the rock, Ps is the instantaneous shut-in

pressure, Pf is the fracture initiation pressure, Pr is the fracture reopening pressure,

and Po is the initial pore-water pressure(Ref. 26).

Hydraulic Test on Preexisting Fissures (HTPF Method)

This is a method similar to hydrofracturing but without fracturing. Individual

hydraulic pressure tests are conducted on preexisting rock joints at various

inclinations in order to determine the complete regional stress tensor. A portion of

the drillhole where a single joint has been identified, such as by televiewer, is

sealed off with a straddle packer and then pressurized at a large enough flow rate

to reopen the joint The total normal stress supported by the joint can be
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determined by one of two methods, using either the instantaneous shut-in pressure

or constant-pressure stepsfllef. 26).

Cross-Hole Geophysical Test (Cross-Hole Seismic Test)

Geophysical methods, because of their nondestructive nature, have been widely

utilized for site study as an integral part of rock engineering projects. The

potential of geophysical methods for repository characterization was recognized

because of simple operations and low cost of implementation compared to

large-scale tests. The geophysical tests, however, measure geophysical signatures

rather than mechanical conditions or thermal properties. As a results it was

necessary to establish index relationships between measured rock mass properties

and the geophysical signatures. Once the relationships were extablished and the

level of uncertainty diminished, the geophysical methods could offer data

appropriate to some site characterization problems, such as assessing spatial and

temporal variations of rock mass properties for a candidate repository environment

The cross-hole seismic test was conducted: 1) to evaluate rock mass dynamic

elastic properties; 2) to assess spatial variations of rock mass properties, primarily

fracture density in the test area; and 3) to identify the disturbed rock zone.

Before starting, it was necessary to assess its capabilities in detecting structural

anomalies.

The equipment consisted of transmitting _.and receiving sondes with transducers

made of crystal with a resonant frequency of 150kHz and an as calculated center

frequency of 80kHz. The sonde was equipped with a hydraulic anchor that

provided positive coupling between the sonde and the borehole wall.

Transmitter
sonde > ) ) )

> ) ) )

Receiver
sondt

Figure 19 Schematic diagram of crosshole geophysical test set-up
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Figure 20 Layout of horizontal holes for cross-hole geophysical tests

Figures 19 and 20 show the schematics of the field instrument system and the

layout of four l lm deep boreholes drilled 4m apart to the sides of the block test

prism. A large number of cross-hole measurements is conducted to obtain

compressive and shear wave velocities and their attenuation characteristics. The

data obtained from the measurements is used to calculate the rock mass moduli of

elasticity and dynamic Poisson's ratio as a function of borehole depth and of

distance from the tunnel wall. The method can also be used to detect disturbed

rock zones and fracture-induced anisotropy in rock mass(Ref. 6).

Stress-Strain Behavior of Brittle Rock:

The process leading to failure of brittle rock can generally be described with five

phases. The names are given based on the dominating microcrack behavior, which

means that some portion of microcracks in a certain orientation or location can be

in a different phase.

In the first region the existing microcracks are closed(I). This phase is seen in

axial behavior, and its existence is dependent on the initial crack density and crack

geometry. After the major parts of the microcracks are closed the material is

assumed to behave as linear elastic(II). The elastic parameters of Young's

modulus and Poisson's ratio of rock matrix are defined from this region. The

process leading to failure is initiated with the onset of stable crack growth(III),

referred to as crack initiation stress( a d). The region is designated as stable, since

an increase in load is needed to cause further cracking. During stable cracking the

cracks grow parallel to the applied load, and therefore can be identified only from

radial strain behavior. The axial stress level where the crack growth velocity

achieves critical speed is called the crack damage stress state(<7cd). This stress

state defined the beginning of the unstable crack growth region(IV), which can be

identified from the reversal of the volumetric strain curve.
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The crack initiation stress is typically 15%-60% and the crack damage stress is

typically 42%-98% of short term uniaxial peak strength. The crack damage stress

is reported to be the most significant structural change in rock, since the density

of microcracks is increased two to sevenfold.-

Finally the material reaches its maximum load bearing capacity( a P), which sets the

beginning for the post peak region(V). The increased load bearing capacity above

the crack damage stress is a temporary strain-hardening effect The strength of

brittle rock is made up of two components; cohesion and friction. These two

strength parameters are not mobilized at the same time and the rock damage

always means a loss of cohesion(Ref. 22).

Onset of post-
peak region V

Unstable crack IV
growth

Axial Stress
(MPa)

120
Peak Strength op

- temporary hardening

Crack Damage Stress
- tme peak strength

Stable crack III
growth

Crack Initiation Stress
- begining of damage

Crack closure I

•0.1S -0.10 -O.05 0.0
Radial Strain ( % ) Axial Strain ( % )

volumetric
Strain (•%•)

Measured total
volumetric strain

Axial Stress
Axial Strain

New Crack Volume

Calculated Crack
Volumetric Strain

Natural Microcracks -0.1 S
0.0S 0.10 0.1 S 0.20

Axial Strain ( V. )
0.25

Figure 21 A characteristic stress-strain behaviour of brittle rock, in principle,
according to Martin, 1994

Critical Stress States;

The critical stress states here refer mainly to the crack initiation( a a) and crack

damage(ffed) stress states. The achieved peak strength is merely considered as a
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classification value. Both the tfd and a ca are defined from volumetric strain

curves of uni- or triaxial compression tests. In order to calculated the crack

volumetric strain curve the total volumetric strain has to be defined first. Because

the total volumetric strain can not be measured directly, it is classically defined as

a sum of orthogonal strain components or from axial and radial strain components

of the cylindrical specimen'-

£ v = £ l + £2 + £ 3

or

£ v = £ a + 2 £ r

where, £ v is total volumetric strain (m3/m3)

£ i,2,3 are strains along the three orthogonal axes (m/m)

£a is axial strain (m/m)

£ r is radial strain (m/m)

In the case of a uniform;y deformed elastic specimen, the later formulation

under-estimates the total volumetric strain of the cylindrical sample by 2% to 8%,

corresponding to Poisson's ratio values from 0.1 to 0.3. The equations are quite

right for elastic strains, but for plastic deformations or fault deformation the

validity is lost.

The crack volumetric strain is calculated by subtracting the elastic deformations of

rock matrix from the total volumetric strain. The elastic volumetric strain is

defined by Young's modulus and Poisson's ratio:

£v,e = d - 2 v ) / E ' (<7 1-<X3)

where, £v,e elastic volumetric strain (m3/m3)

v Poisson's ratio

E Young's modulus (Pa)

a 1 major principal stress (Pa)

a 3 minor principal stress (Pa)

After subtracting the elastic volumetric strain from the total volumetric strain, the

crack volumetric strain curve is shifted down so that the maximum value is

zero(Fig.21). The acl is defined as a stress level where the crack volumetric

strain deviates from zero. The calculation of crack volumetric strain assumes that

Young's modulus and Poisson's ratio can be defined accurately for the tested rock.

This will lead to the same problem of accurately measuring the radial and axial

strains. The crack damage stress (Fig.21) is defined as a point where the total

sample volume starts to increase(Ref.22).
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4. Summary

In the evaluation of the safety of the high-level radioactive waste disposal

systems, an important part of the safety analysis is an assessment of the coupling

or interaction between thermal, hydrological, and mechanical effects. In order to

assess the coupling effects, adequate data on the characteristics of different host

rocks are necessary.

The properties of the rock and rock discontinuity are complex and their values

vary in a wide range. The accuracy of the result of the analysis depends largely

on the values of these properties used. It is highly recommended to use correct

values of these properties through the accurate geological investigation and

laboratory testing.

The present study is an attempt to bring together and condense information about

the basic rock properties needed in the thermo-hydro-mechanical analysis for

high-level radioactive waste repository. The information compiled have primarily

been gathered from borehole investigations and observations, done in foreign

countries, in connection with rock engineering activities, such as in-situ testing,

mining, and laboratory work, in relevant geological environments. The candidate

repository host rocks selected in the present study are granite, gneiss, granodiorite,

diorite, tuff, andesite, and basalt.

Granite, being the most common plutonic rock of the earth's crust, exists in many

countries. In most of these countries these formations are the potential host rock

of primary concern. Typically large granitic masses are fractured in preferred

orientations. Generally the degree of fracturing decreases with increasing depth,

but fractured zones have been encountered at depths of more than 400m. The

hydraulic conductivity of the rock mass depends on the degree of fracturing and on

interconnections between fractures. It varies between 10"13 to 10~6m/s. This high

variability makes intensive site investigations necessary in order to predict

groundwater movement at a specific repository site.

The mechanical stability is high. It depends on crystal size, on the degree of

stratification and on mineral composition. The compressive strength ranges

between 60 and 300MPa. Young's modulus ranges between lxlO 3 and 8xlO4MPa,

Poisson's ratio between 0.05 and 0.43. The response to mechanical loading can be

characterized as brittle and non-plastic. The high structural strength enables a

high stability of mined openings inside a rock mass and makes mining easy. The
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thermal conductivity of granite is moderately good (between 3 and 3.5W/mK) and

rather independent on temperature.

Gneiss is a coarse grained and foliated metamorphic rock corresponding in

composition to granite or some other feldspathic plutonic rock. The compressive

strength ranges between 26 and 340MPa. Young's modulus ranges between 1 x 103

and 8.6xiO4MPa. Poisson's ratio ranges between 0.22 and 0.34.

Granodiorite is a plutonic rock consisting of quartz, calcic oligoclase or andesine,

and orthoclase, with biotite, hornblende, or pyroxene as mafic constituents. The

compressive strength ranges between 109.4 and 144.4MPa. Young's modulus

ranges between 6.9 X103 and 7.54 x 104MPa. Poisson's ratio ranges between 0.23

and 0.31.

Diorite is a plutonic rock composed essentially of sodic plagioclase (usually

andesine) and hornblende, biotite, or pyroxene, Small amounts of quartz and

orthoclase may be present. The compressive strength ranges between 64 and

333MPa. Young's modulus ranges between 1.8xlO3 and 8.0 x 104MPa. Poisson's

ratio ranges between 0.22 and 0.29. The hydraulic conductivity of diorite varies

between 2.59 x 10"10 and 4.68 x 10'Ws.

Basalt is a usually dark gray or black extrusive igneous volcanic rock which

formed and still forms by rapid cooling of molten lava at or near the earth's

surface. Basalt typically contains small voids called vesicles. The vesicle size

varies from one to a few millimeters to several centimeters. The vesicle porosity

is highest at the top and the bottom of flows and decreases a few meters from the

surface.

The hydraulic properties of basalt flows depend upon the extent of fracturing and

jointing. The hydraulic conductivity of basalt varies between 10~13 and 10"7m/s.

For radioactive waste repositories it may be difficult to identify sufficiently large

regions of low permeability.

The mechanical properties depend upon the mineralogical structure inside the basalt

flow and can be quite different. Fine grained basalts have highest compressive

strength. Generally basalt is a relatively hard rock. The compressive strength can

be as high as 400MPa. Young's modulus ranges between 8X104 and 12xiO4MPa.

Poisson's ratio is about 0.25. Basalt has a moderate to low thermal conductivity.

It increases as the proportion of glassy material decreases.

Tuff is a sedimentary volcanic rock formed by compaction and cementation of dust

ejected by volcanic eruptions. The hydraulic properties of tuff depend upon the

degree of welding, upon porosity and upon fractures characteristics. Generally the

porosity in welded tuff is 10-40 vol %, in non-welded tuff it is considerably

higher. The mechanical properties differ widely between welded and unwelded

tuff. Generally the compressive strength is fairly low compared to other volcanic

rocks (between 20 and 30MPa). The coefficient of the thermal conductivity ranges

between 1.4W/mK and 2.46W/mK.
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Andesite is a volcanic rock composed essentially of andesine and one or more

mafic constituents. Pyroxene, hornblende, or biotite, or all three in various

proportions may constitute the mafic constituents. The compressive strength

ranges between 45.5 and 304MPa. Young's modulus ranges between 1.8X104 and

3.84X104MPa.

The testing and measurement methods for these basic properties are also

presented. Domestic data for deep geological media should be supplemented in the

future, due to the insufficiency and the lack of accuracy of the data available at

present.
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