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ROCK JOINT/SHEAR STRENGTH/ FRICTION/ROUGHNESS

A series of direct shear tests have been performad attempt at assessing the
predictive capability of the joint shear strengtitecion by using rock physical properties
and field-determined parameters. Rocks from téardnt source locations representing
the most commonly encountered rocks in Thailandtcoction and mining industries are
prepared and tested in the laboratory. Thesedaddasalt, two marbles, three granites and
four sandstones. The investigation also concestiat the reliability of the field methods
and results for determining the basic friction angj), the uniaxial compressive strength
(UCS or joint wall strength), and the joint rougbsiecoefficient (JRC). The saw-cut
surface specimens are prepared to determine tldionship betweenp, and the
mechanical and mineralogical properties of the socklhe specimens with tension-
induced fractures are tested to obtain the joieashktrength under different JRC’s, for use
in verification of the criterion developed from theld determined parameters. The JRC’s
for the rough-joint specimens are evaluated by itwdependent engineers. The UCS'’s
evaluated from the ISRM-suggested field methodsfsing geologic hammer and pocket
knife) are used in the Barton’s criterion, and esenpared with those tested under the
relevant ASTM standard method. Reliability ands#tesity of the three parameters are
examined by comparing the predicted shear stremgjththose actually obtained from the

direct shear testing on the rough joint surfaces.



The results indicate that the criterion with tteddidetermined parameters can well
predict the shear strength of the rough joints arbies and sandstones from all source
locations, and slightly over-predicts the sheaergfth in the basalt specimens. The
criterion however can not describe the joint sk&@ngths for the granite specimens. This
discrepancy is due to the fact that the saw-cudases for the coarse-grained and very
strong crystalline rocks (such as granites) arg sarooth, even without polishing, and
hence results in an unrealistically lay from the direct shear testing. The sensitivity
evaluation also suggests that the Barton’s sheamgth is more sensitive tp than to
UCS and JRC. The range of UCS from ISRM field-celeed method agrees well with
the corresponding value determined by ASTM laboyatesting. Variations of the UCS
by 25 MPa for weak and medium rocks (R2 and R3)mn80 MPa for strong and very
strong rocks (R4 and R5) do not significantly dftbe predicted shear strengths. For all
sandstones th@, values are in the range of 25-35 degrees, anth@ependent of their
UCS and cementing materials. Tpevalues for the tested marbles and for the limeston
recorded elsewhere are averaged as 35+5 degrheyg.aie also independent of UCS and
mineralogical variation. For other rock typéstends to increase with UCS particularly
for very strong rocks (R5 and R6). No relationshgiweend, and elastic modulus or
tensile strength has been found for any rock tygés number and diversity of the tested
granites are inadequate to determine the relatjpriiweeny, and their mineralogical

variations, if there is any.
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CHAPTER |

INTRODUCTION

1.1 Rationale and Background

Rock joint shear strength is one of the key progerused in the stability
analysis and design of engineering structures ok roass, e.g. slopes, tunnels and
foundations (Hoek and Brown, 1980). The convemtianethod currently used to
determine the joint shear strength is the direeaslesting which can be performed in
the field and in the laboratory. The portable clirghear machine used in the field
often can not provide sufficiently reliable resuligrimarily due to the limited
specimen size allowed. A large scale direct machised in the laboratory is
expensive and is not widely available to the desigiand field engineers. The testing
process is not only costly but also time consumarg] subsequently the number of
the test specimens is usually limited. The resolitained therefore can not truly
represent the overall behavior of the rock masgcsires. A new approach to
determine the shear strength of rock joint is higigsirable, particularly, if it does

not require laboratory and field testing processes.

1.2 Research objective
The objective of this research is to develop a approach to determine the
rock joint shear strength. A joint shear strengtiterion is proposed with a set of

parameters that can be determined in the fielde Barton’s shear strength will be



defined as a function of the basic friction anglnpressive strength, joint roughness
coefficient (JRC), and material constants. Theicb&sction angle and the rock
strength will be inferred from the petrographictéeas of the rock (e.g., grain size,
type and strength of the rock-forming minerals, atehsity). A mathematical
relationship between these parameters will be ddriv The actual JRC can be
observed directly in the field. Since all paramgtean be field-determined, this

approach can bypass the direct shear testing [@oces

1.3 Research Methodology

1.3.1 Literature Review
Literature review will be carried out to studyetistate-of-the-art of
direct shear strength testing, the shear strengtrion of rock joints, and the effects
of petrography to the shear strengths (gain siz&@nghape, color, compositions,
etc.). These include theories, test procedures|tsesnalysis and applications. The
sources of information are from journals, technreglorts and conference papers. A
summary of the literature review will be given Iretthesis.
1.3.2 Sample Collection and Preparation
Rock samples will be collected from the site. Bk&ection criteria are
that the rocks should cover a large variety as naglpossible, and that the sample
collection should be convenient and repeatablen rdek types of the crystalline and
clastic rocks will be collected and prepared. Sarppeparation will be carried out in
the laboratory at the Suranaree University of Tetdgy. Preparation of these
samples will follow the relevant ASTM standard (A81D4543, 1985) as much as

practical.



1.3.3 Experimental Work
The prepared specimens of the ten rock types wlltdsted in the
laboratory. The laboratory testing is divided itticee main groups as follows.
1.3.3.1 Characterization Tests
The characterization tests include the uniaxi@ampressive
strength test (ASTM D2938, 1986) and the directaststrength test to obtain basic
friction angle (ASTM D5607, 1995). The charactatian tests yield data basis for
use in the analysis of the rock joint shear stitengt
1.3.3.2 Petrology Study
Micro-petrographic study will be performed by ane of thin
section analysis. A polished thin section is pregand examined for each rock type
using optical microscopy techniques. Petrologicapeeters include type and
percentage by volume of minerals, grain and crysra, and orientation, and types of
cementing materials. The results are used forldpivey the relation with the shear
strength properties of the rock.
1.3.3.3 Verification Tests
A series of the direct shear strength testsoofin joints is
performed to determine parameters in the proposiedl ghear strength criterion for
various Joint Roughness Coefficient (JRC) valu&se test procedures will follow
the relevant ASTM standard (ASTM D5607, 1995). Triesults of peak shear
strength and residual shear strength will be costpavith the joint shear strength

from the prediction.



1.3.4 Rdationshipsbetween Basic Friction Angle and Physical Properties
Determination of the relationships between bdsation angle and
physical properties is divided into 2 parts: 1)ngsibasic friction angle from
characterization test, and 2) using database frdmoad range of rock types. Both
relationships will be compared with compressive atahsile strengths for
determination of mathematical relation.
1.3.5 Prediction of Rock Joint Shear Strength and Verification
The rock joint shear strengtf different JRC values will be predicted
by Barton’s joint strength criterion. The consgairt the joint shear strengths of ten
rock types will be calculated, including basic fion angle(¢,), Joint Roughness
Coefficient (JRC), and uniaxial compressive strengt, or cj). The results will be
compared by verification test in task 1.3.3.3.
1.3.6 ThesisWriting and Presentation
All aspects of the studies mentioned will be docnteé and
incorporated into the thesis. The thesis will des the validity and potential

applications of the results. It will be submitdhe end of the research.

1.4 Scopeand Limitation of the Study

Ten types of rock most commonly found in the namtteof Thailand are
collected and tested in the laboratory to study ple&ology and the mechanical
properties. The test series include the uniaxamhmressive strength test (ASTM
D2938, 1979) and the direct shear strength tesTEAS5607, 1995). The analytical
and experimental works assume homogeneous an@pgottonditions. The study

will not include the shape and size effects. Ttieces of loading rate, temperature



and chemical changing will not be considered (assumed constant). The test
samples will be in dry condition. No in-filling irock joint apertures. The plastic
behavior will not be considered in the analysidie Bpplied normal load is low (less

than 50% of the rock strength).

1.5 Thesis Contents

This research thesis is divided into seven chapt@tee first chapter includes
problem and rationale, research objectives, scoperk, and research methodology.
Chapter Il presents results of the literature nevan shear strength criteria, shear
strength parameters, effect of petrology on medadroperties, and shear strength
testing. Chapter Il describes sample collectiod greparation. Chapter IV
describes the experiments including 1) uniaxial paassive strength test, 2) direct
shear test on saw-cut surface, 3) mineralogicalystd) direct shear tests on rough
surface, 5) rock strength estimation by manualxnests, and 6) basic friction angle
by tilt test method. Chapter V presents the refethip between basic friction angles
and rock strength. Chapter VI discusses the piiediof rock joint shear strength.
Chapter VII provides discussions and conclusions.

Summary of uniaxial compressive strength testlt®sigiven in Appendix A.
Summary of the shear stresses plotted against hstreases is given in Appendix B.
Summary of force-displacement curve of the diréetas strength tests on the rough

joints is presented in Appendix C.



CHAPTER II

LITERATURE REVIEW

This chapter summarizes the results of literatavéerv on the topics relevant
to this research, including shear strength critesfieear strength parameters, effect of

petrology on mechanical properties, and shear giineesting,

2.1 Shear Strength Criteria

The mechanical rock properties are one of the mgsbrtant parameters that
will be used in the analysis and design of any megjiing structures in rock mass. If
structural mapping identifies discontinuities irtkanass on which shear type failures
may take place, it will be necessary to determivgefiction angle and cohesion of the
discontinuity surface in order to carry out stapianalyses and design remedial work
if required.

Several criteria have been proposed in the pasettuify the strength of a rough
rock joint. These criteria delineate the statesta#ss that separates pre-sliding and post-
sliding of the joint. The simplest peak-shearrsjie model for rock joints is perhaps
Patton’s model (Patton, 1966). Based on the Cduldriction law, this model
characterizes the joint behavior by a single sarfsrameter that is the average roughness
angle. More complicated joint models appeared, latecompanying the development of
numerical methods. Notable among them are Ladameyipirical model (Ladanyi and

Archambault, 1970) and Barton’s emprical model {@ar1973).



Coulomb criterion represents the relationship leetwthe peak shear strength

and normal stress by
T = C+opTang (2.1)

wherer is joint shear strengths, is normal stress, c is the cohesive strength ¢ard
angle of friction.

Patton (1966) performed a series of constant sbaks direct shear tests with
regular teeth inclination (i) at varying normal estses. From these tests, he
established a bilinear failure envelope - failurent an asperity sliding and asperity

shearing mode.
T = opTan s +1i) (2.2)

wheret is joint shear strengthg,, is normal stressgg is basic friction angle, and i
is regular teeth inclination.
Ladanyi and Archambault (1970) suggest the sheangth of the material

adjacent to the discontinuity surfaces,

. (in(l—as)(V-|-Tan(1))-|-aS T,

T (2.3)

I—(1—a )V Tand)B
where t is joint shear strength¢s is basic friction angle, sas the proportion of the
discontinuity surface which is sheared throughqat@ns of intact material, V is the
dilation rate (dv/du) at peak shear strength,raisdhe shear strength of the intact material.

Barton (1973) has studied the behavior of nattoek joints and proposed a

criterion that is modified from Patton. It canrdeewritten as



T = opTan{¢s + JRC Logo(JCSon)} (2.4)

wheret is joint shear strengthdg is basic friction angleg, is normal stress, JRC
is the joint roughness coefficient, and JCS igdime wall compressive strength.
There are some constraints for the use of thisravn. Barton and Choubey
(1977) recommend that the peak shear strengthshauld be truncated for designing
purposes at a maximum allowable shear strengtmdiyeTar (v/on) = 7¢. For
unfilled joints, the roughness and compressivengtte of the wall are important,
whereas in the case of filled joints the physicalperties of the material separating
the joints wall are of the primary concern. Bartwiterion is only valid where joint
wall is in rock-to-rock contact. Hoek and Bray 819 report that the criterion is valid

for the normal stress range, 0.05+/JCS) <0.3.

2.2 Shear Strength Parameters

2.2.1 Roughness

Roughness is a measurement of the inherent surtfaevenness and
waviness of the discontinuity related to its meé&amne. It is a potentially important
component of shear strength, especially in the cdséislocated and interlocked
fractures (e.g. unfilled joints). Barton (1972,789 1976), and Barton and Choubey
(1977) have proposed a joint roughness coeffic(@RC) to describe the surface
roughness scaled from zero to 20. Typical roughpesfiles for entire JRC range are
represented in Figure 2.1. The measurements sfitildiex are estimated by using
the direct profiling method for the joint, or by amdirect method. Barton and

Bandis (1990) also have considered the scale £i¢dRC and proposed JRC values for



- JRC=0-2

— JRC=2-4
-_—— JRC=4-6
-_ Y JRC=6-8

———,e— T JRC=8-10

T~ — JRC=10- 12

w JRC=12-14

w JRC=14-16

~—~—~— T~~~ | JRC=16-18

W JRC=18-20

Figure2.1 Roughness profile and corresponding JRC valeen(Barton and

Choubey, 1977)
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joints of large scale. The International Society Rock Mechanics (ISRM)
recommends that in general terms the roughnesheofliscontinuity walls can be
characterized by waviness (large-scale undulatasm by unevenness (small-scale
roughness).

Deere and Miller (1966) have proposed joint ve@impressive strength
(JCS). It is a very important component of sheangth and deformation, especially when
the walls are in direct rock-to-rock contact asthe case of unfilled joints. Slight
dislocation of joints caused by shear displacemhtn the rock mass can often result in
small asperity contact areas with the stressediyloagproaching or reaching the
compression strength of the rock wall materialdpoing asperity damage. Brown (1981)
suggests the technique for estimating JCS by Schétbound Hammer test. The
technigue concerns with the unit of rock, hammeentation, and Schimidt hardness.
Barton and Bandis (1993) have studied the scadetefbf JSC. The results show that joint
wall compressive strength decreases with increasiaggsample. They also propose the
scale corrections in terms of sample length arsitunblock sizes.

Zhao (1988, 1997) and Zhao and Zhou (1992) havegsex the joint
matching coefficient (JMC). This rough index issbd on the percentage of joint
surface in contact. The conclusions demonstratejtint matching is an important
factor governing the aperture, normal closurefrags, shear strength, and hydraulic
conductivity of the joints, when it is coupled wiRC.

The reviewed results show that the surface roeghnncreases the
joint shear strength. JRC is an empirical indeat th widely used for describing the
surface roughness characteristics. This techniqueasily used to measure by

comparing the appearance of a discontinuity surfattestandard profiles.
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2.2.2 Normal Stress

Vasarhelyi (1999) has investigated the dependaicéhe constant
normal load on the rate of the dilation. The ressghow that the measured dilation
angle decreases with increasing normal force. érowdeling of the shear behavior
of rock discontinuities must take into accountloé tonditions imposed by the rock
mass rigidity. In this situation, the normal strgmth should be properly understood
for the accurate prediction of shear strength. hSoehavior is more realistically
represented in the controlled normal stiffness ishest rather than in the
conventional constant normal load test. LadanyArathambault (1970) equation is
correct for the cases when the Patton (1966) arfuetflald and Johnston (1994)
equations fail. This means that Ladany and Arcleautif1970) equation is a more
general equation and it should be valid until thegularities are not sheared off. The
measured dilation-displacement curves show thatr dfte peak stress the rate of
dilation does not change for a long time.

Constant normal stiffness (CNS) is proposed fon-planer joint
analysis. CNS strength parameters are more repetse for design underground
excavations than the conventional constant noroed (Johnston et al., 1987). The
conventional constant normal load is often inappeate for evaluating the stability
analysis of the bedded mine roofs, estimation ok sshear resistance of rock-
socketed piles, and stability analysis of jointé@ita subjected to potential toppling
failures (Indraratna and Haque, 2000).

2.2.3 Cohesion
The cohesion develops discontinuity surfaces imymaonditions

because a small cohesive strength can have samifeffect on the shear strength of
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rock. It is important that this rock strength paeter is properly accounted. The
following are some of the conditions in which cabass developed on sliding surface.

For intact rock and jointed, strong rock masse$ wit through-going discontinuities

parallel to the sliding surface, the cohesion wdlally have values of several hundred
kilopascals and at this high strength there litib& of shear failure. For rough rock

surfaces, an apparent cohesion is developed aasjperities are sheared off when
movement occurs. The magnitude of the apparentsemhés the intercept on the shear
stress axis of the tangent to the curve sheargitramvelope on a Mohr diagram. The
apparent cohesion will increase with increasingnabrstress until residual strength of
the surface is reached. For discontinuity comagimnfillings, the cohesion will depend

on both the characteristics and thickness of tfiléng (Wyllie, 1998).

In most case, the cohesion component is ignoneb &k discontinuities.

It should only be considered when it is certairt tt@hesion will contribute to shear
strength. This can occur when the critical setlis€ontinuities (i.e. the set on which
sliding is most likely to occur) is persistent swshfor sliding to occur, there must be
failure through intact rock. This is, however,wdifficult to assess.

Wyllie (1998) has suggested that for clean platiseontinuity in rock,
the cohesion will be zero and shear strength vélldefined solely by the friction
angle. Generally, fine grained and rock with higltancontent tend to have a low
friction angle, while course grained, strong roeké a high friction angle.

2.24 Basic and Residual Friction Angle of Rock Joint
Both angles of basicdf) and residual ¢¢) friction angle represent

minimum shear resistance. Conceptuaiyrefers to smooth, planar surface in fresh

rock and can be considered as a material congtargfers to the residual condition
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of natural joint surface, which is attained aftnge shear displacement. If the natural
joint surface is un-weatherefi,can be taken equal g.

Methods forg, characterization include direct shear test ortests on
saw cut surface. The values ¢f depend on the rock type and the moisture
conditions (Horn and Deere, 1962; Coulson, 1978ficative ranges fo#, (dry) =
26-38 anddy (wet) = 21-38, the majority of rocks falling in the 25-3Eange.

The measurement is difficult due to the very lasbgear displacements
requirement (Xu and de Freitas, 1990). In an ediapproachy, may be obtained

by allowing for the dilatation din the measurement of shear stresses duringdestin

under very low normal stress, which also have lveerected (Hencher, 1987)

On(comy= (On-COS G-T-Sin dy)cos G (2.5)
Ticomy = (©-COS G-op -sin dy)cos 6 (2.6)
dr = arc tarcory Sn(cor) (2.7)

In a convenient alternative methdd,can be predicted with acceptable
accuracy from the basic friction angle valtg by using the following empirical

formula (Barton and Choubey, 1977).

o = 0o-20)+20(r/R) (2.8)

where the effect of surface alteration is introadlibg rebound number ratio r/R, with
r and R obtained from Schmidt hammer tests on wegthered and dry, fresh rock

surface, respectively.
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Stimpson (1981) suggests the use of tilt testifigdiamond core
samples for the estimation of the basic frictiomglan He observes that the core
surfaces produced by typical core drilling proceduare precut and smooth and
therefore no dissimilar to a saw cut rock surfatée following equation can then be

used to estimate the basic friction angle.

dba = tan'(1.155 tarus) (2.9)

where ¢p is the estimate basic friction angle amgl is the angle at which sliding
commences.

The following are typical ranges of basic frictiangles for a verity of
rock types and should be used as a guideline cedplse actual values will vary
widely with site condition. Low friction angle-fiion angle are from 200 27,
medium friction angle-friction angle are from°2@ 24, high friction angle-friction

angle are from 34o 40 (Barton, 1973).

2.3 Effect of Petrology on Mechanical Properties

The effects of grain size on the engineering prigee of rock have been
studied by several investigators. In sandstonek irength is greater for finer
grained rocks (Brace, 1961). Handlin and HagebT)l9ote that strength increases
significantly when grain size increases in limestcemd marbles. Hoek (1965)
suggests that a higher applied stress is needechuse failures through grain
boundaries in rock characterized by tight interlogktexture. Hartley (1974)
suggests that inter-granular bonding is a sigmfica&haracteristic affecting

mechanical properties of sandstone. It is condutat the number of grain contacts
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and type of grains may be used as an indicator exfhianical properties. Fahy and
Guccione (1979) indicate that sandstone with smaflean grain size has higher
strength values. Onodera and Asoka (1980) repattthe strength decreases while
the grain sizes increase in igneous rocks. Thegrate a linear relationship
between the grain size and strength, that is, @gthin size of the granite decreases,
its strength increases. Shakoor and Bonelli (19@) that the percentage angular
grain is only weakly related to strength and etaptoperties. Brown (1993) reports
that grain length is a good indicator for porosity.

Mineralogical composition is one of the intringicoperties controlling the
rock strength, rock containing quartz as bindingemal are strongest followed by
calcite and ferrous mineral rocks with clayey bnglimaterial are the softest
(Vutukuri et. al., 1974). The relationship betwaeameralogical compositions and
mechanical properties of various sandstones hae jpeviously investigated. Since
the amount of feldspar, mica and rock fragmenthase sandstone, when present is
small, they are not involved in the correlatiorhus, these correlations are only based
on quartz content (Bell, 1978; Fahy and Cuccior$#,91 Gunsallus and Kulhawy,
1984; Dobereiner and De Freitas, 1986; ShakooBamelli, 1991).

Pack density or the space in a given area occlpyieplains has been correlated
with strength properties. Bell (1978) and Dobezemind De Fretias (1986) shows the
packing density of the Fell sandstone increasead, the values of uniaxial compressive
and tensile strengths and modulus of elasticitsemee. Howarth and Rowlands (1986)
propose a texture coefficient including packinggigrand report this parameter. They
have a moderate correlation with mechanical preggert Doberenier and De Freitas

(1986) conclude that weak sandstone is generallyacterized by a low packing
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density. Grain contact (instead of packing depsigsults in greater strength of
saturated sandstone and saturated strength of 20 vy be served for the upper
bound strength of weak rock, beyond which the failof rock is mainly controlled by

the grain fracturing instead of the rolling of gi@i Moreover, it has been found that
greater packing density does enable greater stréBgll, 1978). It has been reported
that the textural characteristics appear to be nmp®rtant than mineral composition
to the mechanical behavior of sandstone (Ulusay,,€1994).

The moisture may also have influence on the ualacompressive strength
(UCS) of sandstone. It has been shown that meistan decrease the UCS of
weaker sandstones (Dyke and Dobereiner, 1991 ; avelkad McConnell, 1992).

The strength of homogenous intact rocks obtaimenh flaboratory testing is
usually affected by the specimen size, which rdlatethe non-uniform distribution
of micro-cracks and fractures (Griffith, 1924). dRcstrength tends to decrease as the
specimen size increases (Evans, 1961; Jaeger aoki, @879; Bieniawski, 1981;
Farmer, 1983). For heterogeneous rocks, the dieetealso relates to the non-
uniform distribution of the pores, grain sizes, igrdbounding and cementing,
densities, mineralogy, inclusions, welding, impestetc.

Fuenkajorn and Daemen (1992) have constructedngpirieal approach to
derive a compressive failure criterion for a hegereeous rock. An empirical failure
criterion is formulated by expressing the seconaiiimnt of stress deviation at failure
as a function of the first invariant of stress, keyameter and volume. The density
variable included as a key parameter for this tofinimizes the effect of
heterogeneity caused by non-uniform distributionpofes, mineralogy, inclusions,

welding and grain bonding.
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2.4 Shear Strength Testing

24.1 Direct Shear Test

Direct shear tests are commonly used both in reseand practice.
Test sample lengths may range from 10 to 40 cm.rgd.aapparatus is not
commercially available. Tests can be run undeh lmmnstant or variable normal
stress, depending on the boundary conditions retedato the problem at hand
(Bandis, 1993). Recommended procedures of thigjiaen by International Society
for Rock Mechanics suggested methods (Brown, 1981).

Hencher and Richards (1982,1989) describe a ddaicdetermining
shear strength of rock. The normal load is appligdneans of a dead load system
and therefore remains constant throughout the tdshe tests can be carried out
accurately at relatively low stresses. Verticapthcement is measured at a single
point on the level arm allowing a magnification @b to ten times providing a
relatively high degree of sensitive.

Some difficulties and limitations in direct sheasts are as follows: (i)
normal and shear load capabilities in common mashi@re generally limited; (ii)
monotonic shear displacements that can be acconmetbdee inadequate for residual
strength determinations; and (iii) rotational monsemm the upper sample-half may
develop, especially when testing rough joints (Bant93).

2.4.2 In-situ Direct Shear Test

Large scale in-situ test can be conducted on mswldiscontinuities by
adopting a test set-up such as that described byeRe(1968). Saint Simon et al.
(1979) have presented the typical set up of thatindirect shear test in adits. The

reaction for normal load is obtained from the opigowall of the adit. Brown (1981)



18

suggests method for in-situ determination of digwéar strength. Two techniques
are presented including the in-situ direct shestrdad the torsional shear test.

The test procedure would be similar to that o taboratory direct
shear test in that a constant normal load is ap@ied the shear load is gradually
increased until sliding takes place. The normadl simear displacements are measured
operating in opposite directions, the sample camelet after each test, in order to
conduct tests at a number of different normal lcaus$ obtain value of both the peak
and residual strengths (Wyllie, 1998).

This test is expansive and only to perform wheigcatly locating,
thin, weak, continuous seams exist within relativefrong adjacent rock. In such
cases, conservative lower bound estimated of sk&angth seldom provides
adequate assurance against instability. The velgtlarge surface area tested is an
attempt to address unknown scale effect. Howeter,question of how large a
specimen is large enough still remains. The tesiperformed on thin, fine grained,
clay seam, is considered to be an in-drained test.

2.4.3 Field Direct Shear Test

Portable direct shear test is one of simpler arghpér testing system.
This technique is described by Ross-Brown and Wia{i®75) and Hoek and Bray
(1981). The portable shear box can accept spesimerno a size of about a 140 mm
cube. The idea is to select a specimen from afiaxxk or borehole core containing a
single discontinuity suitable for testing, trim tepecimen to size and then wire or
tape it together to protect the discontinuity scefaexture (Priest, 1993). Ross-
Brown and Walton (1975) discuss a number of methfmisrecording surface

geometry, including visual description, mechanipabfilometry, photogrammetry
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and the use of rubber impressions. Priest (19d5)studied shear displacement and
shear stress on chalk. The tests are conductad agportable shear box test at five
different effective stresses in the range 0.24.20MPa.

Although the portable shear box is widely used-déartine testing, it does
have a number of disadvantages when precise coow®l testing conditions is
required. The use of manually operated jacks cakenit difficult to control shear
displacement and maintain a constant normal stl@esighout the test. There is
tendency for the upper half of the shear box tootier at large shear displacement on
rough specimens, making it difficult to interpreeasurements of shear and normal
displacement. Many workers now prefer to use arstesting apparatus based on the
conventional soil shear box. This apparatus isever, limited to laboratory use, can
only apply normal stresses up to about 2 MPa andcope with only a limited degree
of discontinuity surface roughness. There are mawmgstigators who develop the
technique that can reduce that limit. (e.g. Sketas.,1990; Archambault et al, 1990).

244 Triaxial Test

The triaxial cell is sometimes used to investighte shear behavior of
discontinuities. Specimens are prepared from caredtaining discontinuities
inclined at 25-40to the specimen axis. A specimen is set up irtribgial cell and
the axial loads are successively applied. Thaxitl cell is well suited to testing
discontinuities in presence of water. Tests mayeltker drained or undrained,
preferably with known level of joint water pressureing imposed and maintained
throughout the test (Brady and Brown, 1993).

It is assumed that slip on the discontinuity oscuMohr circle plots

are made of the total or effective stresses atatli@ number of values of minimum
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principal stress and the points on these circlemgithe stresses on the plane of the
discontinuity are identified. The required sheaerggth envelope is then drawn
through these points. This requires that a nurobeests be carried out ¢ r
discontinuities (Brady and Brown, 1993).
The triaxial technique for determining shear stteng developed by

Rosengren (1988) who determined the correctioninedj@o allow for the influence of
friction and change of contact area. His analigsis been re-presented by Goodman
(1976). Brady and Brown (1993) successfully uss tbchnique on specimens with
150-mm diameter at confining pressures of up tdMiIRa. Ramamurthy (2001) has
conducted the axisymmetric triaxial compressiotstes intact rock and jointed rock.
The triaxial result is used to develop the new skgangth criterion involving only two

different strength parameters that are cohesiorangh® of shearing.



CHAPTER |11

SAMPLE PREPARATION

3.1 Sample Collection

Rock samples used in this research have been twalldrom ten different
source locations, representing the most commontguemered rocks in the
construction and mining industries in Thailand. eJlcan be categorized here into
four groups: basalt, two marbles, three granited four sandstones. The main
selection criteria are the availability, the fresb® and the mechanical homogeneity
while aiming at the mineralogical diversity amonfiedent rock types. The locations

where some rock samples are collected are showigures 3.1 and 3.2.

3.2 Sample Preparation

There are four groups of specimen preparation ftferdnt laboratory test
methods, 1) uniaxial compressive strength testsdi@ct shear tests on saw-cut
surfaces, 3) direct shear tests on rough joints 4amineralogical study.

3.2.1 Sample Preparation for Uniaxial Compressive Strength Tests

The process including coring, cutting and grindjRgures 3.3 through
3.5). The core specimens have been drilled froenbllbbcks of each rock type with
NX-size bit (54 mm). Ten specimens are prepardehte nominal length to diameter

ratio (L/D) equal to 2.5. Preparation of these gias follows, as much as practical,
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Figure3.1 Sandstone block are collected from a quarryloni Phai district,

Nakhon Ratchasrima province.

Figure 3.2 Quarry in Burirum province where basalt sampiage been collected.
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Figure 3.3 Drilling machine (model SBEL 1150) is used tdlaore specimens with

54 mm diameter.
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Figure 3.5 Grinding of core sample for smooth and parallel sarfaces.
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the ASTM standard practice (ASTM D4543). Some rgplecimens prepared for
uniaxial compressive strength testing are showfigare 3.6 through 3.9.
3.2.2 Sample Preparation for Direct Shear Testson Saw-cut Surface
Direct shear testing is carried out on the saw stufaces of rock
specimens to determine their basic friction angléaree specimens are prepared for
each rock type. The tested fracture area i81@0cm. Some saw-cut surface
specimens are shown in Figures 3.10 through 3.12.
3.2.3 Sample Preparation for Direct Shear Tests on Rough Joint
In order to obtain shear strength of rough joitésisile fractures are
induced in rock blocks with a dimension ofxI@®x20 cm. Line load is applied at the
mid-section of the specimen until splitting tendadure occurs (Figure 3.13). This
results in a clean, rough and perfectly matchectdra (Figure 3.14). Three pairs of
specimens are prepared for each rock type.
3.24 SamplePreparation for Mineralogical Study
Petrographic analysis is a process used to deterrthe mineral
compositions of rock samples. Ten thin sectionsregresentative samples are
prepared from each rock type. The specimen si2&3scm with a thickness of less
than 1 mm. The results of this study will be preed and discussed in the next

chapter.
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Figure 3.6 Basalt specimens prepared for uniaxial compresgrength testing with

54 mm diameter and L/D ratio equal to 2.5.

Figure 3.7 Granite specimens prepared for uniaxial comprestrength testing

with 54 mm diameter and L/D ratio equal to 2.5.
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Figure3.8 Marble specimens prepared for uniaxial compvessirength testing

with 54 mm diameter and L/D ratio equal to 2.5.

Figure3.9 Sandstone specimens prepared for uniaxial caaapestrength testing

with 54 mm diameter and L/D ratio equal to 2.5.
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Figure3.10 Saw-cut surface specimens of granite prepanedifect shear test with

block size 1810x7.5 cm.

Figure3.11 Saw-cut surface specimens of marble preparedifect shear test with

block size 1810x7.5 cm.
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Figure3.12 Saw-cut surface specimens of sandstone prefarddect shear test

with block size 1810x7.5 cm.

Figure 3.13 Splitting tensile fractures of marble specimprepared for direct shear

testing.
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Figure3.14 Phra Wihan sandstone specimen with a rough prapared for direct

shear test.



CHAPTER IV

LABORATORY TESTS

The primary objectives of the laboratory tests &pe determine basic
mechanical rock properties and the shear strengthsmooth and rough joint
surfaces. The laboratory test program is dividg@d six main groups; 1) uniaxial
compressive strength tests, 2) mineralogical st@lydirect shear tests on saw-cut
surface, 4) direct shear tests on rough surfacepdk strength estimation by manual

index tests, and 6) basic friction angle by tiittenethod.

4.1 Uniaxial Compressive Strength Tests

The uniaxial compressive strength (UCS) or the rettkngth on the joint
walls is required for applications of the Bartom'sterion. Test procedure for the
laboratory determination of the UCS strictly follewhe American Society for Testing
and Materials standard (ASTM D2938) and suggesteithoa by ISRM (International
Society of Rock Mechanics) (Brown, 1981).

Core specimens with a nominal diameter of 54 mm lendth-to-diameter
ratio of 2.5 are axially loaded to failure (Figyrd). Ten specimens have been tested
for each rock type. The UCS of the specimen isutated by dividing the maximum
load by the original cross-sectional area. Thegeah Young's modulus is also

calculated from the stress-strain curves at 50#h@Mmaximum stress level.
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Figure4.1 Uniaxial compressive strength test on 54 mm di@mspecimen with
L/D raito equal to 2.5. The specimen is loade@ldxin compression

machine model ELE-ADR2000.
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All results are summarized in Table 4.1 and theitdeof each specimen are
shown in Appendix A (Tables A.1 through A.10). Téess-strain curves of all

specimens are shown in Appendix A (Figure A.1 tgitoA.10).

4.2 Mineralogical Study

Ten thin sections of representative samples apgped from each rock type
to determine the mineral compositions. Table 42gthe results, including rock
names, brief mineral compositions, rock descripttbe geologic formation or unit to

which they belong, and the location from which tlaeg obtained.

4.3 Direct Shear Testson Saw-Cut Surfaces

Direct shear testing is carried out on the sawsautaces of rock specimens to
determine their basic friction angle. The testcpdure follows as much as practical
the ASTM D5607 standard practice. Three specinaeadested for each rock type.
The tested surface area isx10 cm. Shear force is continuously applied and
monitored until a total shear displacement of lismbtained. The shearing rate is
about 1 mm/minute. Each block specimen is she&réidhes (forward-backward-
forward-backward-forward) with the normal stresdetween from 500 pounds to
4,500 pounds.

The peak shear stress is calculated and plottethstgthe corresponding
normal stress. Figure 4.2 shows the test arrangeonfesaw-cut surface specimen
used in the direct shear testing with direct she@chine model SBEL-DR44,

capacity of 10,000 pounds normal load and 30,0Qh@se shear force.



Table4.1 Uniaxial compressive strength and elastic maslofuthe tested rock
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specimens.

Rock Types (Mclga) (GIIEDa)
Crystalline Rocks
1. Burirum Basalt 188.1+ 26.3 33.2t3.4
2. Vietnamese Granite 138.1+18.9 34.54.3
3. Tak Granite 119.4+ 8.8 32.4: 4.6
4. Chinese Granite 119.3+18.3 34.: 8.0
5. Saraburi Marble 78.7+14.6 21.3 4.4
6. Lopburi Marble 74.4+ 12.6 28. %24
Clastic Rocks
7. Phu Kradung Sandstone 72.8+5.7 12.2£ 0.7
8. Phu Phan Sandstone 72.4+85 18.4+ 1.1
9. Phra Wihan Sandstone 71.3+£9.0 13.9+ 2.0
10. Sao Khua Sandstone 67.5+ 4.6 11.5+ 0.5




Table4.2 Description of rock samples obtained from temrse locations.

Mineral _ Rock Unit /
Rock Type | Code Compositions Description Location
Aphanitic BA | 50% Pyroxene (0.5-1 Aphanitic basalt, very dark grey to black in colodensed with a few Burirum Basalt
Basalt mm) and 50% vesicles (less than 1%), no olivine crystal obsgrve Unit /
plagioclase (0.3-0.8 Burirum Province
mm)
Limestone YME | 100% Calcite (1-5 | Meta-sedimentary rock, appearing yellowish broven granular, non Saraburi Group /
Marble mm) foliated, showing original texture of limestone lwihetamorphosed Saraburi Province
fossils and rock fragments, strongly reacts with_.H@thout powdering
Discusssion: The rock should have been overcommhgrade
metamorphism according to undestroyed originaltextCalcite is still
retained. Original rock was moderately abundargifiésrous limestone,
containing 40% fossils, 10% intraclasts with meritatrix, also called
“sparce biomicrite”
Limestone WMB | 100% Calcite (1-2 | Granular marble, appearing white, calcite grainslmaseen by eye, Saraburi Group /
Marble mm) average size of 2 mm, equidimensional, minerahgrarumbled by hand} | opburi Province

strongly reacts with HCL without powdering

Discussion: The original rock can be any limestbuaeit was overcome
low-high temperature-intermediate pressure metahismp Calcite is still
retained in the rock which reacts strongly with HThough shape of
calcite crystals are interlocking and changed tobee rounded. It is eag
to be crumbled by hand

GE



Table4.2 Description of rock samples obtained from tearse locations (cont.).

quartz (3-5 mm), 7%
orthoclase (2-3 mm)
5% amphibole (1-2
mm), and 3% biotite
(2-3 mm)

feldspar generally of equal size, average sizearerthan 5 mm,
plagioclase crystals reach 1 cm, showing striations

Mineral - Rock Unit /
Rock Type Code Compositions Description Location

Quartz RGR | 75% Orthoclase (0.3-Felsic phaneritic granite, appearing pink, crystdlsinerals can be seen «ynknown” /

Syenite 2 cm), 10% quartz | by naked eyes, fine grained with average size ®fim in length, quartz| vietnam
(2-5 mm), 10% is generally smaller than feldspar, orthoclase phyyst
plagioclase (1-3 (> 1cm) also present
mm), and 5%
amphibole (1-2 mm)

Plagiogranite | GGR | 40% Plagioclase Felsic phaneritic granite, appearing grey with bland white spotted, Tak Batholith /
(0.5-1 mm), 30% crystals of minerals can be seen by eyes, finegdawith average size of Tak Province
guartz (2-5 mm), 5%| 4-5 mm., quartz and feldspar are equally of theessiae
orthoclase (3-5 mm)

3% amphibole (1-2

mm), and 2% biotite

(1-2 mm)
Quartz WGR | 70% Plagioclase Intermediate phaneritic granite, appearing whitéhscattered black, “Unknown” /
Monzonite (0.5-2 cm), 15% crystals of minerals can be seen by eyes, coaaseegl, quartz and China

o¢



Table4.2 Descriptions of rock samples obtained from t@urse locations (cont.).

Rock Type | Code Mineral Compositions Description Rock U”'“
Location
Calcareous GST | 70% Lithic fragment (0.1-0.3| Fine grained sandstone, grayish green, lithic firgnand quartz | Phu Kradung
Lithic mm), 18% quartz (0.1-0.5 dominated with less mica, well sorted, angulaghdly reacts with | Formation /
Sandstone mm), 7% mica (0.1-0.5 mm), | HCL Nakhon
3% feldspar (0.1-0.5 mm), and Ratchasima
Quartz YST | 72% Quartz (0.2-0.8 mm), Fine grained sandstone, brownish yellow, quartzfaluspar Phu Phan
Sandstone 20% feldspar (0.1-0.8 mm), dominated with a few mica, well sorted, angulat, neact with Formation /
3% mica (0.1-0.3 mm), 3% | HCL Nakhon
rock fragment (0.5-2mm), and Discussion: Brownish yellow colour may originaterfr limonite, | rRatchasima
2% other (0.5-1 mm) Fe-oxide mineral Province
White Quartz | WST | 75% Quartz (0.1-0.5 mm), Fine grained sandstone, brownish white with scadtétack, quartz Phra Wihan
Sandstone 15% feldspar (0.2-0.5 mm), | and feldspar dominated with less mica, well soréedjular, not Formation /
7% mica (0.1-0.5 mm), and | react with HCL Nakhon
3% lithic fragment (0.1-1 mm Ratchasima
Province
Arkosic RST | 70% Feldspar (0.1-0.5 mm), | Fine grained sandstone, appearing red, feldspagasdz Sao Khua
Feldspathic 18% quartz (0.1-0.5 mm), 79 dominated with less mica, well sorted, angular,reatt with HCL. | Formation /
Sandstone mica (0.1-0.2 mm), 3% rock | Discussion: Red colour may point to occurrencexadi@ation by | Nakhon
fragment (0.1-0.3 mm), and | Fe-oxide Ratchasima
2% Othel‘ (01'03 mm) Province

LE
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F BHATE MACHINE BASES

Figure4.2 Test arrangement of saw-cut surface specimethingbe direct shear

test with direct shear machine model SBEL DR440.



39

Linear relationship between the shear and normmasses is obtained for all
tests which are plotted in Appendix B (Figures Bibugh B.10). The basic friction
angle () is calculated from the shear-normal stress slopEable 4.3 lists they

values for the ten rock types.

4.4 Direct Shear Testson Rough Surface

A series of direct shear strength tests on rougtigdave been conducted on
ten rock types. The sample preparation and testepiure follow the applicable
ASTM standard (ASTM 5607) and the ISRM suggestedhote (Brown, 1981), as
mush as practicalThree pairs of specimens are prepared and testedafth rock
type. A shear direction is then pre-defined. &mngineers independently determine
the JRC along the shear direction. Their resygte@areasonably well; usually 5 out
of 6 give the same range of JRC. Table 4.4 suimesmthe JRC’s for each pair of
the rock specimens.

Series of direct shear tests are performed on fbeirmens with the tension-
induced fractures (Figure 4.3). The selected nbetmasses are 1.08, 1.29 and 1.95
MPa. Each specimen is sheared only once for eaohat stress using a constant
shearing rate of 1 mm/minute. Shear force is omotisly applied until a total shear
displacement of 1 cm is reached. Figure 4.4 shtbesneasurement of displacement
dial gages. The peak and residual shear loadsiangored. Table 4.4 lists the peak
shear stresses calculated for the ten rock typesexpected, the greater the normal

stress applied, the greater the peak shear stoéms@d. The peak shear strengtf) (

and residual shear strength) @re calculated by the equations;
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Table4.3 Basic friction angles from direct shear tessaw-cut surfaces.

b b b b
Rock Types No.1 No.2 No.3 Average

(degrees)| (degrees)| (degrees)| (degrees)
Crystalline Rocks
1. Burirum Basalt 36 37 33 35.3+ 2.08
2. Vietnamese Granite 17 20 18 18.3+ 1.53
3. Tak Granite 24 25 25 24.7+0.58
4. Chinese Granite 26 26 25 25.7+£0.58
5. Saraburi Marble 34 34 35 34.3+ 0.58
6. Lopburi Marble 34 37 36 35.7+ 1.53
Clastic Rocks
7. Phu Kradung Sandstone 32 35 34| 33.7+1.53
8. Phu Phan Sandstone 29 33 33| 31.7+231
9. Phra Wihan Sandstone 29 34 32| 31.7+£2.52
10. Sao Khua Sandstone 27 32 33| 30.7+3.21




Table4.4 Results of the direct shear strength tests oglrgoints.
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Normal [ Normal Peak | Residual
Rock Types | Specimen| JRC Load Stress Shear Shear
No. Strength | Strength
(Ibs) (kPa) (kPa) (kPa)
Crystalline Rocks
1. Burirum BA-01 8-10 2500 1655 1986 1589
Basalt BA-02 8-10 4500 2986 3185 2254
BA-03 8-10 5500 3636 3305 2974
2. Vietnamese RGR-01 10-17 250( 1064 3204 1197
Granite RGR-02 10-12 4500 1922 3588 16483
RGR-03 8-10 5500 2378 4150 1837
3. Tak Granite GGR-01 12-14 2500 1051 155% 1177
GGR-02 8-10 4500 1932 2833 1631
GGR-03 10-12 5500 2291 4581 2154
4. Chinese WGR-01 12-14 2500 1080 2938 1123
Granite WGR-02 14-16 4500 1950 3293 164Y
WGR-03 14-16 5500 2386 3557 1822
6. Saraburi YMB-01 8-10 2500 1078 1250 1034
Marble YMB-03 8-10 3000 1588 2146 1588
YMB-02 12-14 4500 1934 2450 1891
5. Lopburi WMB-01 8-10 2500 1060 1230 763
Marble WMB-03 10-12 3000 1255 1589 1255
WMB-02 10-12 4500 1893 2861 2020
Clastic Rocks
7. Phu Kradung GST-01 6-8 250( 1074 1076 904
Sandstone GST-03 6-8 300( 1282 136y 1111
GST-02 6-8 4500 1939 1852 1465
8. Phu Phan YST-01 6-8 2500 1075 1333 1161
Sandstone YST-03 6-8 300d 1288 154% 1116
YST-02 8-10 4500 1932 2704 1889
9. Phra Wihan WST-01 6-8 2500 1078 138( 1078
Sandstone WST-03 6-8 300¢ 1297 1464 1205
WST-02 8-10 4500 1945 2075 1599
10. Sao Khua RST-01 4-6 2500 1069 1197 72Y
Sandstone RST-03 6-8 300 1271 135p o3p
RST-02 6-8 4500 1943 1900 1598
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Figure4.3 Direct shear strength test on rough joint widx1I0 cm of contact area.

Figure4.4 Upper and lower specimens are attached witHatisment dial gages.
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B = RI/A (4.1)

% = R/A (4.2)

where B is the maximum shear force,iB the residual shear force, and A is the contact
area between both specimens. It is assumed haraitite the total displacement is
small (less than 1 cm), the contact area (A) igriaks constant during the shear test.

The force-displacement curves are given in Appefdfkigures C.1 through C.30).

4.5 Rock Strength by Field Deter mination Method

The field identification of the UCS follows the I&Rsuggested method given
by Brown (1981). Two engineers independently idenihe grade for each rock type
using mainly the geologic hammer and pocket knifee nominal specimen sizes are
10x10x5 cm. The grades for the selected rock specimengdantified to be either
R4 or R5. The strength results obtained by thedgngineers coincide, and agree well
with the UCS from the uniaxial compression testb(€at.5). This suggests that the
range of the rock strength identified by the fieldthod may be reliable and adequate

for use in the Barton’s criterion.

4.6 Basic Friction Angle by Tilt Test Method

The basic friction angles are measured by a sirilfileg apparatus. The tilt
test apparatus is a self-weight tilt testing devised for measuring the basic friction

angle ¢,) (Chryssanthakis, 2003)The objective of the tilt test is to compare the

results with direct shear tests on saw-cut surface.
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Table4.5 Classification of the strength rating obtainezhf the ISRM field-

identification.
Engineer No.1 Engineer No.2
Rock Types Strength s Strength -
Rating by c Rating by c
ISRM (MPa) ISRM (MPa)
Crystalline Rocks
1. Burirum Basalt R4 50-100 R5 100-250
2. Vietnamese Granite R6 >250 R5 100-250
3. Tak Granite R5 100-250 R5 100-2%0
4. Chinese Granite R5 100-250 R5 100-250
5. Saraburi Marble R2 5-25 R4 50-10p
6. Lopburi Marble R3 25-50 R4 50-100
Clastic Rocks
7. Phu Kradung Sandstone R6 >250 R4 50-100
8. Phu Phan Sandstone R4 50-10( R4 50-100
9. Phra Wihan Sandstone R4 50-100 R4 50-100
10. Sao Khua Sandstone R5 100-25 R5 100-P50
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A series of tilt tests have been performed on tak types. Three pairs of
specimens are prepared and tested for each roek fJpe results of tilt test on saw-
cut surfaces specimens and the comparison witlctdsfeear test are shown in Table
4.6. The values of basic friction angle fromt@sts are in the range of those obtained

from direct shear test on saw-cut surface.



Table4.6 Results of basic friction angle from tilt test.
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Rock types Friction angle gy, (degrees)
Tilt test Direct shear test
1. Burirum Basalt 26 35.3
2. Vietnamese Granite 34 18.3
3. Tak Granite 30 24.7
4. Chinese Granite 25 25.7
5. Saraburi Marble 25 34.3
6. Lopburi Marble 28 35.7
7. Phu Kradung Sandstone 33 33.7
8. Phu Phan Sandstone 31 31.7
9. Phra Wihan Sandstone 34 31.7
10. Sao Khua Sandstone 34 30.7




CHAPTER V

DISCUSSIONS ON BASIC FRICTION ANGLES

5.1 Introduction

The objective of this chapter is to determine whethere is any relationship
between the basic friction angle and other physacal mechanical properties of the
rocks. The basic friction angles of smooth sudagkrock joint obtained elsewhere

are also complied and used to assist in determsucy relationship.

5.2 Basic Friction Angle and Intact Rock Properties

An attempt has been made here at correlatingdgheith the intact rock
strength. The UCS ané,, for various rock types obtained elsewhere (Goodman
1989; Grasselli and Egger, 2003; Hoek and Bray,11%8altham, 1994) has been
compiled and compared with the results obtainec.heBurprisingly publications
reporting both UCS and, tested for the same rocks are rare, particuldrbse
providing the detailed rock descriptions or therseuocations. Table 5.1 gives the
summary of data from this research and other rekear

The tested aphanitic basalt Rgsequal 35 + 2 degrees which agrees well with
those obtained elsewhere (Figure 5.1). The numbediversity of the specimens are
however inadequate to determine or discuss abeutetationship between tlig and

mineral or mechanical properties of the basalts.
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Table5.1 Mechanical rock properties from the other resear

mountain

Location/| o E Gt dp
Rock type Name MPa | GPa | MPa | Degrees Sources
Amphibolite N/A N/A N/A N/A 32 Hoek and Bray (1981)
Aplite N/A N/A N/A N/A 31-35 | Duzgun et al. (2002
N/A N/A N/A N/A 31-38 |Hoek and Bray (1981)
N/A 250 90 15 50 Waltham (1994)
Basalt
Nevada 148 N/A N/A 31 Goodman (1989)
Burirum 188 33.2 N/A 33-37 *obtained here
N/A N/A N/A N/A 30 Hoek and Bray (1981)
Chalk
N/A 15 6 0.3 25 Waltham (1994)
Clay N/A 2 0.2 2 20 Waltham (1994)
Conglomerat¢  N/A N/A N/A N/A 35 Hoek and Bray (1981)
N/A N/A N/A N/A 27-31 | Hoek and Bray (198[)
Dolomite
Hasmark | N/A N/A N/A 35 Goodman (1989)
N/A 160 45.9 3.5 36 Grasselli and Egget
N/A 60 | 211 | NA| 36 (2003)
Gneiss N/A N/A N/A N/A 23-29 | Hoek and Bray (198]L)
N/A N/A N/A N/A 26-30 Duzgun et al. (2002)
N/A 150 45 10 30 Waltham (1994)
Grasselli and Egget
Tarn 173 48.4 8.8 34 (2003)
N/A N/A N/A N/A 29-35
Hoek and Bray (1981)
Granite N/A N/A N/A N/A 31-35
N/A 200 75 15 55 Waltham (1994)
Stone A | A | NA | s1 Goodman (1989)
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Table5.1 Mechanical rock properties from the other rese#cont.).

Rock type L(I)\?:rtr;%n/ MGFC>a GIIEDa M6Ft>a Degt;ees Sources
N/A N/A N/A N/A 31-35 [ Duzgun et al. (2002
Inada N/A N/A N/A 47 Goodman (1989)
Granite Vietnamesq 138 345 | N/A 17-20
Tak 119 324 | N/A 24-25 *obtained here
Chinese 119 34 N/A 25-26
Greywacke N/A 180 60 15 45 Waltham (1994)
Gypsum N/A 25 20 1 30 Waltham (1994)
N/A 250 80 | N/A 40 Waltham (1994)
Hornfels
N/A N/A N/A N/A 31-35 Duzgun et al. (2002
Wolf camp| N/A N/A N/A 34 Goodman (1989)
Magny 25 149 | 24 36 Grasselli and Egger
Portdugard 5 36 | 1 37 (2003)
Limestone N/A 100 60 10 35
Waltham (1994)
N/A 25 15 2 35
Indiana N/A N/A N/A 42 Goodman (1989)
N/A N/A N/A N/A 31-37 Duzgun et al. (2002
Carrara | 87 | 29.6 | 9.2 37 Grassfz'ggg)d Eggef
N/A 100 30 30 35 Waltham (1994)
Marble Georgia | N/A N/A | N/A 25 Goodman (1989)
Saraburi 79 21 N/A 34-35
*obtained here
Lopburi 74 29 N/A 34-37
Micaschist N/A N/A N/A N/A 26 Duzgun et al. (2002
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Table5.1 Mechanical rock properties from the other rese#cont.).

Location/ Oc E Gt dp
Rock type Name MPa | GPa | MPa | Degrees Sources
N/A 40 10 1 30 Waltham (1994)
Mudstone
N/A N/A N/A N/A 20-25 | Duzgun et al. (2002
Sioux N/A N/A N/A 48 Goodman (1989)
Quartzite
N/A N/A N/A N/A 30 Duzgun et at. (2002
Grasselli and Egget
N/A 10 25.4 0.7 37 (2003)
N/A N/A N/A N/A 25-35 | Hoek and Bray (1981
N/A 70 30 5 45
Waltham (1994)
N/A 20 4 1 40
Berea N/A N/A N/A 27
Bartlesville| N/A N/A N/A 37 Goodman (1989)
Pottsville N/A N/A N/A 45
Sandstone
N/A N/A N/A N/A 31-33
N/A N/A N/A N/A 31-33 | Duzgun et at. (2002
N/A N/A N/A N/A 26-32
Phu Kradung 73 12 N/A 32-35
Phu Phan 72 18 N/A 29-33
* obtained here
Phra Wihan[ 71 14 N/A | 29-34
Sao Khua 67 11 N/A | 33-37
Schist N/A 60 20 2 25 Waltham (1994)
- N/A 166 76.8 6 39 Grasselli and Eggel
Serpentinite 2003)
N/A 74 | 304 | 163 39 (
Shale N/A N/A N/A N/A 27 Hoek and Bray (1981

~—




51

Table5.1 Mechanical rock properties from the other rese#cont.).

Location/| o E Gt Op
Rock type Name MPa | GPa | MPa | Degrees Sources
N/A 20 2 0.5 25 Waltham (1994)
N/A N/A N/A N/A 14
Shale
Stockton N/A N/A N/A 22 Goodman (1989)
Edmonton| N/A N/A N/A 7
N/A N/A N/A N/A 27-31 | Hoek and Bray (1981
Siltstone Repetto N/A N/A N/A 32 Goodman (1989)
N/A N/A N/A N/A 25-33 | Duzgun et al. (2002
N/A N/A N/A N/A 25-30 | Hoek and Bray (1981
Slate N/A 90 30 10 25 Waltham (1994)
N/A N/A N/A N/A 25-30 | Duzgun et al. (2002
Soapstone N/A N/A N/A N/A 20 Duzgun et al. (2002
Tuff N/A N/A N/A N/A 21 Duzgun et al. (2002
60 1
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Figure5.1 Relationship between UCS and basic friction esgif basalt.
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The ¢y, values for the tested quartz syenite, plagiogeaaitd quartz monzonite
are 18 + 2, 25 £ 1, and 26 + 1 degrees, which atabty lower than those obtained
for the granites elsewhere (Figure 5.2). Most iggaand gneiss havé, about 30
degrees. This is probably due to the fact thatsdne-cut surfaces for the coarse-
grained and very strong crystalline rocks (suclg@miites) are very smooth, even
without polishing, and hence results in an unraeély low ¢, from the direct shear
testing. This also implies that rock cutting presend equipment can govern the
characteristics of the cut surfaces, and hencetaffgas well.

Figure 5.3 plotshy, as a function of UCS for the marble tested hemr the
marble and limestone tested elsewhere. From thiable informationg, appears to
be independent of UCS and grain size. The avejage35 + 3 degrees.

For sandstones from all source locatiofisjs averaged as 33 + 8 degrees
(Figure 5.4). The averagdg for the quartz sandstones (pure sandstone) is 32 +
degrees. The averagéglfor the arkosic feldspathic sandstone is sligtdlyer (31 +
3 degrees), and for the calcareous lithic sandsgskghtly greater (34 + 2 degrees).
This suggests that for the tested fine-grained sanés, the cementing materials may
have some influence af. The UCS however may not be appropriate for gsama
indicator of ¢, as it shows significantly high standard variat{@ver 10%) for all
tested sandstones.

Figure 5.5 plots, as a function of UCS for various rock types, excep
sandstone, limestone and marble. It seems thatrong rocks (ISRM-designated R4

& R5), ¢y increases with UCS. A liner fit shows a mathen@trelation as
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Figure5.2 Relationship between UCS and basic friction engif crystalline rocks.
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Figure5.4 Relationship between UCS and basic friction engif sandstones.
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b = 0.0924 UCS + 19.08; {R 0.474) (5.1)

wheregy, is in degree and UCS is in MPa.

Extreme care should be taken when applying thevaalemuation for other
rocks. The available data are widely scattered,ar not truly sufficient to support
the dependency df, on UCS, as reflecting by the low coefficient ofretation. It is
believed thaty, does not always depend on the UCS. The realrfagtaverning the,
for the crystalline rocks are probably the crystade, mineral compositions, the
cutting process, and the strength of cementing matége For all rock types, no

relationship has been found betwegrand elastic modulus of the rocks.



CHAPTER VI

PREDICTION OF ROUGH JOINT SHEAR STRENGTHS

6.1 Introduction

The objective of this chapter is to compare andyarabetween the predicted
and the measured shear strengths of rough joifBarton’s criterion is used to
calculate (predict) the shear strengths for thecispens with tension-induced
fractures. The calculations use several combinataf the maximum and minimum
values for the JRC, the UCS obtained from the ISHM-identification, and the
UCS determined by the ASTM standard method. Haredtulations the actudl, is
used. This is primarily to assess the predictiapability of the criterion, the
adequacy of the field-identified UCS, and the gensi of the JRC and UCS on the

Barton’s shear strength.

6.2 Comparison of the Results

Table 6.1 compares the predicted shear strengthtivitse actually tested for
the rough joints. The actual values of joint shetength are show in Figure 6.1
through 6.10.

The criterion using field-determined parametersstadtorily predicts the
shear strength to the rough joints in marbles amdlstones from all source locations,

and slightly over-predicts the shear strength i blasalt specimens. It drastically



Table6.1 Predicted and actual shear strengths for 3 rguigts from each rock type.

Predicted Shear Strength (kPa)
Rock JRC Actual UCS UCS Min. UCS Max. AcélffgnShear ormal
Type Range gth Stress
JRC JRC JRC JRC JRC JRC (kPa) (kPa)
Min. Max. Min. Max. Min. Max.
Burirum 8-11 2076 2413 1921 2181 2152 2528 1986 1655
Basalt 8-11 3483 3961 3225 3590 3607 4145 3185 2086
8-11 4140 4677 3834 4241 4287 4891 3305 3636
Vietnamese | 10-12 868 1008 826 950 951 1123 3204 1068
Granite 10-12 1440 1645 1368 1550 1581 1834 3588 1922
8-10 1477 1688 1414 1602 1598 1854 4150 2378
Tak 12-14 1237 1434 1198 1380 1421 1670 1555 1051
Granite 8-10 1582 1795 1548 1748 1733 2009 2833 1932
10-12 2074 2338 2020 2266 2322 2678 4581 2291
Chinese 12-14 1310 1519 1269 1461 1507 1805 2938 1080
Granite 14-16 2410 2743 2321 2624 2841 3343 3293 1950
14-16 2818 3182 2714 3046 3315 3863 3557 2386

LS



Table6.1 Predicted and actual shear strengths for 3 rgnigts from each rock type (cont.).

Rock

Predicted Shear Strength (kPa)

Actual Shear

Normal Stres

s RJaRnZe Actual UCS UCS Min. UCS Max. Strength oo
JRC JRC JRC JRC JRC JRC (kPa)
Min. Max. Min. Max. Min. Max.

Saraburi 8-10 1237 1413 1169 1315 1273 1466 1250 1078
Marble 12-14 1738 1959 1644 1826 1788 2032 2146 1588
8-10 2508 2928 2384 2640 2718 3094 2450 1934

Lopburi 8-10 1297 1483 1236 1393 1347 1557 1230 1060
Marble 10-12 1709 1951 1607 1806 1793 2074 1589 1255
10-12 2416 2714 2274 2518 2533 2879 2861 1893

Phu Kradung| 6-8 1077 1225 1041 1169 1109 1273 1076 1076
Sandstone 6-8 1532 1721 1480 1644 1577 1788 1367 1282
6-8 1833 2046 1771 1954 1886 2126 1852 1939

Phu Phan 6-8 1001 1137 968 1088 1031 1183 1333 1075
Sandstone 6-8 1180 1333 1141 1275 1215 1387 1545 1288
8-10 1903 2124 1821 2010 1981 2234 2704 1932

Phra Wihan 6-8 1002 1138 971 1091 1034 1186 1380 1078
Sandstone 6-8 1181 1334 1144 1279 1219 1391 1464 1292
8-10 1911 2132 1832 2021 1992 2246 2075 1945

Sao Khua 4-6 841 955 826 930 862 991 1197 1069
Sandstone 6-8 1118 1261 1088 1217 1160 1324 1356 1271

6-8 1643 1831 1600 1767 1705 1922 1900 1943

859
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Figure6.3 Comparison of predicted and actual joint sheansgfith for Tak granite.
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underestimates the shear strength of granite spesifinom all locations. This is due
to the face thap, from direct shear testing on the smooth saw-crises in granite
is lower than the actual values.

The sensitivity evaluation also suggests that tlaetd®’'s shear strength is
more sensitive t@y, than to UCS and JRC. For all rock types, the easfgJCS from
ISRM field-identified method agrees well with theresponding value determined by
ASTM laboratory testing. Variations of the UCS 2y MPa for weak and medium
rocks (R2 and R3) and by 50 MPa for strong and g&myng rocks (R4 and R5) do
not significantly affect the predicted shear sttesg The range of JRC determined by
six engineers, though it shows some subjectivitgyidles appropriate values for the

strength predictions.



CHAPTER VII

DISCUSSIONS AND CONCLUSIONS

The objective of this research is to seek the imlahip between the joint
shear strength of rocks and their physical and m@chl properties. Barton’s
criterion is used here to describe the shear dinewigthe joints. Ten rock types that
are commonly found in Thailand are selected as smkples. The petrographic
properties and uniaxial compressive strengths eddlsamples are determined. Series
of direct shear testing are performed on saw-adases and tension induced fractures
of these rock samples to determine the basic dnctngles ¢,), cohesion (c) and
friction angle of rock fractures. The ISRM fielcethod is used to determine the intact
rock strengths. All tested fractures are cleaghttand perfectly matched. The effects
of joint aperture, dilation and filling materialszaexcluded from this study.

The results indicate that the Barton’s criteriotiséactorily predicts the shear
strength of rough joints in marbles and sandstdr@® all source locations, and
slightly over-predicts the shear strength in theattaspecimens. It can not describe
the joint shear strengths for the granite specimprabably due to the fact that the
saw-cut surfaces for the coarse-grained and veongtcrystalline rocks (such as
granites) are very smooth, even without polishirrmd hence results in an
unrealistically lowg, from the direct shear testing.

The values of basic friction angles from the dirgoear tests and the tilt tests

are compared. Both tests yield similar resultsthar clastic rocks. For crystalline
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rocks, theg, from direct shear tests is indicated smaller valoegranite and larger
for basalt and marble.

Barton’s shear strength is more sensitivepgdhan to UCS and JRC. The
value of basic friction angle for the tested finaiged sandstones is averaged as 33 *
8 degrees. The cementing materials may have sofloence ong,. For the tested
marbles and for the limestone recorded elsewhigres averaged as 35 + 5 degrees,
and appears to be independent of UCS. For othmrgtocks (ISRM-designated R4
& R5), ¢p apparently increases linearly with UCS. This treteship remains
inconclusive due to insufficient information.

Based on the observation, the real factors goverthia, for the crystalline
rocks are probably the crystal size, mineral comjoos, and the cutting process, and
for the clastic rocks are the grain size and shape,the bond strength of cementing
materials. The number and diversity of the basall granite specimens are not
adequate to determine the relationship betwigeand the mineralogical variations,
even if there is any. For some igneous or metamorpcks in particular, e.g.,
granite, diorite and gneiss, it may be virtuallypimssible to determine the relationship
between ¢p and their mineralogy due to the infinite combioat of the rock
compositions and textures on the fracture surfaces.

More testing is required. For clastic rocks, spmgis with significantly
different grain sizes and cementing materials asrdble. For the strong crystalline
rocks, the effects of the cutting process shouldnlvestigated on roughness of the

saw-cut surfaces.
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Even though some uncertainties remain, as descabede, the findings from
this research still provide a quick and useful apph for determining the Barton’s
shear strength of clean, tight and rough jointhie TSRM field-identification seems

adequate to determine the necessary parametersubedBarton’s criterion.
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FigureA.1l Theaxid stress-gtrain curvesfor uniaxia compressive strength tests of Burirum

basalt.
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FigureA.2 Theaxid dress-gtrain curvesfor uniaxia compressive strength tests of

Vietnamese granite.
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FigureA.3 Theaxid dress-drain curvesfor uniaxial compressve strength tests of Tak

granite.
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FigureA.4 Theaxid dtress-strain curvesfor uniaxia compressive strength tests of Chinese

granite.
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FigureA.5 Theaxid dress-stran curvesfor uniaxial compressve strength tests of Saraburi

marble.
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FigureA.6 Theaxid stress-gtrain curvesfor uniaxia compressive strength tests of Lopburi

marble.
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FigureA.7 Theaxid stress-gtrain curvesfor uniaxia compressve srength tests of Phu

Kradung sandstone.

92



120 q
Phu Phan Sandstone

100

Axial Stresses (MPa)

Axia Strains (%)

FigureA.8 Theaxid stress-gtrain curvesfor uniaxia compressve srength tests of Phu

Phan sandstone.

93



94

120 -
Phra Wihan Sandstone

100 -

Axial Stresses (MPa)

0 = | T T T T T T T T T T T T T T T T T T 1
0 2 4 6 8 10

Axial Strains (%)

FigureA.9 Theaxid sress-gtrain curvesfor uniaxia compressive srength tests of Phra

Wihan sandstone,
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FigureA.10 Theaxid stress-drain curvesfor uniaxia compressive srength tests of Sao

Khua sandstone.



TableA.1 Resultsof uniaxial compressive strength tests of Burirum basalt.

96

Average | Average | Density Failure Elastic
Specimen No. Diameter Length Stress Modulus

D(mm) | L(mm) | p(g/cc) | oc (MPa) | E(GPa)
BA-22-UCS-01 53.51 137.70 2.81 151.13 32.00
BA-22-UCS-02 53.53 137.18 2.82 228.38 38.00
BA-22-UCS-03 53.55 136.78 2.77 224.77 32.00
BA-22-UCS-04 53.51 137.69 2.81 169.90 30.00
BA-22-UCS-05 53.55 137.32 2.81 201.61 38.00
BA-22-UCS-06 53.52 137.26 2.81 174.58 38.00
BA-22-UCS-07 53.53 137.21 2.81 186.76 31.00
BA-23-UCS-08 53.54 137.40 2.82 207.48 31.00
BA-23-UCS-09 53.54 137.07 2.81 169.90 31.00
BA-23-UCS-10 53.53 137.26 2.81 166.03 31.00

Average Uniaxia Compressive Strength 188.06 + 26.30 MPa
Average Elastic Modulus 33.20+ 3.36 GPa
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TableA.2 Resultsof uniaxia compressive strength tests of Vietnamese granite.

Average | Average | Density Failure Elastic
Specimen No. Diameter Length Stress Modulus
D (mm) L (mm) p(gicc) | oc (MPa) | E(GPa)
RGR-01-01-UCS-01 53.75 141.47 2.60 97.42 28.00
RGR-01-02-UCS-02 53.72 141.03 2.63 143.05 38.00
RGR-01-03-UCS-03 53.60 139.41 2.62 129.68 28.50
RGR-01-04-UCS-04 53.60 140.48 2.62 125.90 31.00
RGR-01-05-UCS-05 53.62 141.01 2.61 159.48 37.50
RGR-01-06-UCS-06 53.63 138.35 2.62 131.39 37.50
RGR-01-07-UCS-07 53.55 137.90 2.62 136.06 38.00
RGR-01-08-UCS-08 53.50 138.64 2.63 147.83 37.50
RGR-01-09-UCS-09 53.60 139.47 2.62 146.80 31.00
RGR-01-10-UCS-10 53.55 139.32 2.62 163.09 37.50
Average Uniaxial Compressive Strength 138.07 + 18.86 MPa
Average Elastic Modulus 34.45 + 4.26 GPa
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TableA.3 Resultsof uniaxia compressive strength tests of Tak granite.

Average | Average Density Failure Elastic
Specimen No. Diameter Length Stress Modulus

D (mm) L (mm) p (g/cc) o. (MPa) | E(GPa)
GG-SR-UN-01 53.55 135.06 2.62 124.47 ]
GG-SR-UN-02 53.52 135.26 2.62 111.43 35.90
GG-SR-UN-03 53.46 134.53 2.62 77.33 23.93
GG-SR-UN-04 53.51 135.36 2.62 103.21 39.18
GG-SR-UN-05 53.53 133.83 2.62 118.57 31.25
GG-SR-UN-06 53.52 135.73 2.61 127.34 34.68
GG-SR-UN-07 53.49 135.58 2.62 120.68 35.53
GG-SR-UN-08 53.53 135.15 2.62 85.18* 28.12
GG-SR-UN-09 53.48 136.02 2.62 118.92 30.54
GG-SR-UN-10 53.53 135.66 2.62 130.31 32.08

Average Uniaxial Compressive Strength 119.37 + 8.75 MPa
Average Elastic Modulus 32.36 + 4.58 GPa




TableA.4 Resultsof uniaxia compressive strength tests of Chinese granite.
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Average | Average Density Failure Elastic
Specimen No. Diameter Length Stress Modulus
D (mm) L (mm) p (g/cc) oc (MPa) | E(GPa)
WGR-01-01-UCS-01 | 38.53 77.52 2.63 97.26 32
WGR-01-02-UCS-02 38.43 79.40 2.65 93.20 27
WGR-01-03-UCS-03 | 38.43 78.53 2.65 141.20 38
WGR-01-04-UCS-04 | 38.52 78.28 264 125.87 36
WGR-01-05-UCS-05 38.43 79.37 2.63 129.12 18
WGR-01-06-UCS-06 | 38.48 77.87 264 121.70 28
WGR-01-07-UCS-07 38.50 78.27 2.63 141.55 39
WGR-01-08-UCS-08 38.52 78.28 2.64 11111 44
WGR-01-09-UCS-09 [ 38.53 77.40 2.63 97.85 33
WGR-01-10-UCS-10 38.50 78.02 2.64 133.89 43
Average Uniaxial Compressive Strength 119.27 + 18.34 MPa
Average Elastic Modulus 34.00 + 7.97 GPa




TableA.5 Resultsof uniaxia compressive strength testsof Saraburi marble.
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Average| Average Density Failure Elastic
Specimen No. Diameter| Length Stress Modulus
D (mm) | L (mm) p(glcc) | oc (MPa) | E (GPa)
YMB-01-01-UCS-01 | 38.37 77.92 2.58 68.26 16
YMB-01-02-UCS-02 38.38 77.58 2.60 87.26 25
YMB-01-03-UCS-03 | 38.42 77.07 2.61 69.52 26
YMB-01-04-UCS-04 | 38.40 77.70 2.61 76.18 21
Y MB-01-05-UCS-05 38.42 77.88 2.58 89.82 17
YMB-01-06-UCS-06 | 38.53 77.52 2.56 74.48 24
YMB-01-07-UCS-07 53.77 139.98 254 79.49 26
Y MB-01-08-UCS-08 53.77 136.63 2.58 61.14 15
Y MB-01-09-UCS-09 53.57 140.31 257 61.25 18
YMB-01-10-UCS-10 53.58 139.59 2.60 102.42 25
Average Uniaxia Compressive Strength 78.69 + 14.57 MPa
Average Elastic Modulus 21.30+ 4.42 GPa
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TableA.6 Resultsof uniaxia compressive strength tests of Lopburi marble.

Average | Average Density Failure Elastic
Specimen No. Diameter Length Stress Modulus
D (mm) L (mm) p (g/cc) oc (MPa) | E(GPa)
MB-SR-UN-01 53.77 133.38 271 79.51 29.38
MB-SR-UN-02 53.78 133.72 2.72 59.09 28.78
MB-SR-UN-03 53.78 133.38 2.72 95.57 32.36
MB-SR-UN-04 53.73 135.04 2.72 65.32 29.70
MB-SR-UN-05 53.78 132.95 2.72 60.32 25 02
MB-SR-UN-06 53.76 133.93 2.73 84.21 25.46
MB-SR-UN-07 53.79 133.32 2.72 82.80 30.25
MB-SR-UN-08 53.78 134.25 2.72 64.43 2781
MB-SR-UN-09 53.77 133.61 271 39.86 31.14
MB-SR-UN-10 53.78 133.68 2.72 78.71 27.40
Average Uniaxia Compressive Strength 74.44 + 12.62 MPa
Average Elastic Modulus 28.73+ 2.35 GPa
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TableA.7 Resultsof uniaxid compressive strength tests of Phu Kradung sandstone.

Average | Average Density Failure Elastic

Specimen No. Diameter Length Stress Modulus

D (mm) L (mm) p (g/cc) oc (MPa) | E(GPa)
GST-01-UCS-01 53.50 138.83 253 82.67 13.39
GST-01-UCS-02 53.52 138.92 2.53 75.18 11.57
GST-01-UCS-03 53.50 138.92 254 65.49 11.94
GST-01-UCS-04 53.49 138.95 254 76.03 12.56
GST-01-UCS-05 53.49 138.71 2.53 66.00 11.61
GST-01-UCS-06 53.46 138.85 251 72.24 11.39
GST-01-UCS-07 53.51 138.08 254 71.10 11.63
GST-01-UCS-08 53.50 137.55 2.56 79.51 13.02
GST-01-UCS-09 53.50 137.54 2.56 72.38 12.19
GST-01-UCS-10 53.49 138.24 2.53 67.71 12.21
Average Uniaxial Compressive Strength 72.83 + 5.65 MPa
Average Elastic Modulus 12.15+ 0.67 GPa
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TableA.8 Resultsof uniaxia compressive strength tests of Phu Phan sandstone.

Average | Average Density Failure Elastic

Specimen No. Diameter Length Stress Modulus

D (mm) L (mm) p (g/cc) oc (MPa) | E(GPa)
Y ST-01-UCS-01 53.52 137.93 2.25 81.92 18.81
Y ST-01-UCS-02 53.51 137.95 2.29 72.33 18.29
Y ST-01-UCS-03 53.52 137.03 2.29 71.59 17.91
Y ST-01-UCS-04 53.51 138.17 2.25 73.29 17.77
Y ST-01-UCS-05 53.52 137.40 2.25 83.50 19.61
Y ST-01-UCS-06 53.52 137.85 227 51.29 17.05
Y ST-01-UCS-07 53.52 137.08 2.25 49.51 10.78
Y ST-01-UCS-08 53.52 137.48 2.25 63.31 17.17
Y ST-01-UCS-09 53.51 136.61 2.25 60.64 19.02
Y ST-01-UCS-10 53.50 136.88 2.25 74.60 20.24
Average Uniaxial Compressive Strength 72.37 + 8.53 MPa
Average Elastic Modulus 18.43+1.08 GPa
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TableA.9 Resultsof uniaxia compressive strength tests of Phra Wihan sandstone.

Average | Average Density Failure Elastic

Specimen No. Diameter Length Stress Modulus

D (mm) L (mm) p (g/cc) oc (MPa) | E(GPa)
WST-01-UCS-01 53.52 137.68 2.32 77.40 14.79
WST-02-UCS-02 53.50 137.65 2.32 5181 10.22
WST-03-UCS-03 53.51 136.96 2.33 78.38 15.08
WST-04-UCS-04 53.50 136.56 2.32 63.62 11.12
WST-05-UCS-05 53.52 136.60 2.33 69.77 14.63
WST-06-UCS-06 53.50 137.59 234 83.98 16.62
WST-07-UCS-07 53.51 137.03 2.33 75.89 15.17
WST-08-UCS-08 53.52 136.47 2.33 70.77 13.86
WST-09-UCS-09 53.52 138.01 233 73.08 15.18
WST-10-UCS-10 53.51 137.42 2.32 68.21 12.65
Average Uniaxial Compressive Strength 71.29 + 8.96 MPa
Average Elastic Modulus 13.93 + 2.00 GPa
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TableA.10 Resultsof uniaxia compressive strength tests of Sao Khua sandstone.

Average | Average Density Failure Elastic

Specimen No. Diameter Length Stress Modulus

D (mm) L (mm) p (g/cc) oc (MPa) | E(GPa)
RST-01-UCS-01 53.69 137.23 2.33 45.43 8.45
RST-01-UCS-02 53.75 137.68 2.33 66.78 11.31
RST-01-UCS-03 53.76 136.92 2.32 64.34 11.77
RST-01-UCS-04 53.77 137.04 2.32 60.47 10.39
RST-01-UCS-05 53.73 136.84 2.33 71.71 11.97
RST-01-UCS-06 53.75 138.64 2.33 64.88 11.57
RST-01-UCS-07 53.80 137.58 2.32 74.69 11.87
RST-01-UCS-08 53.76 138.10 2.32 66.12 11.33
RST-01-UCS-09 53.76 138.28 2.32 70.61 11.46
RST-01-UCS-10 53.73 137.03 2.33 50.54 0.87
Average Uniaxia Compressive Strength 67.45 + 4.59 MPa
Average Elastic Modulus 11.46 + 0.50 GPa
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DIRECT SHEAR STRENGTH TEST RESULTSON THE

SAW CUT SURFACES
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FigureB.1 Shear dressesplotted asafunction of normal stressesfor 3 specimens of

Burirum basalt.
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FigureB.2 Shear dressesplotted asafunction of normal stressesfor 3 specimens of

Vietnamese granite.
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FigureB.3 Shear dressesplotted asafunction of normal stressesfor 3 specimens of Tak
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Saraburi marble.
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FigureB.7 Shear dressesplotted asafunction of normal stressesfor 3 specimens of
Phu Kradung sandstone.
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FigureB.8 Shear dressesplotted asafunction of normal stressesfor 3 specimens of

Phu Phan sandstone.



111

300
Phra Wihan Sandstone

250

N
o
o

[EnY
(@)
o

Shear Stresses (psi)
o &
o o

o

o
a1
o
=
(=]
o

150 200 250 300
Normal Stresses (psi)

FigureB.9 Shear dressesplotted asafunction of normal stressesfor 3 specimens of
PhraWihan sandstone.
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FigureB.10 Shear stresses plotted asafunction of normal stressesfor 3 specimens of

Sao Khuasandstone.
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FORCE-DISPLACEMENT CURVESFROM DIRECT

SHEAR TESTSON ROUGH JOINTS
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Figure C.1 Shear force plotted against shear displacement of Burirum basalt.

JRC = Joint Roughness Coefficient, N = Normal Load
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Figure C.2 Shear force plotted against shear displacement of Vietnamese Granite.

JRC = Joint Roughness Coefficient, N = Normal Load
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Figure C.3 Shear force plotted against shear displacement of Tak Granite.

JRC = Joint Roughness Coefficient, N = Normal Load
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Figure C.4 Shear force plotted against shear displacement of Chinese granite.

JRC = Joint Roughness Coefficient, N = Normal Load
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Figure C.5 Shear force plotted against shear displacement of Saraburi Marble.

JRC = Joint Roughness Coefficient, N = Normal Load
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Figure C.6 Shear force plotted against shear displacement of Lopburi Marble.

JRC = Joint Roughness Coefficient, N = Normal Load
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Figure C.7 Shear force plotted against shear displacement of Phu Kradung Sandstone.

JRC = Joint Roughness Coefficient, N = Normal Load
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Figure C.8 Shear force plotted against shear displacement of Phu Phan Sandstone.

JRC = Joint Roughness Coefficient, N = Normal Load
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Figure C.9 Shear force plotted against shear displacement of Phra Wihan Sandstone.

JRC = Joint Roughness Coefficient, N = Normal Load
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Figure C.10 Shear force plotted against shear displacement of Sao Khua Sandstone.

JRC = Joint Roughness Coefficient, N = Normal Load
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