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ABSTRACT

LABORATORY INVESTIGATION OF SHEAR BEHAVIOR OF ROCK
DISCONTINUITIES BASED ON SHEAR RATE, SIZE AND ROUGHNESS
CHARACTERISTICS

Kkl eyen, Ergin
M.S., Department of Mining Engineering

SupervisorPr o f . Dr . H. kebnem D¢zgeén

SeptembeR017,190 pages

Rock mass characteristics arggnificantly influenced by the presence of
discontinuities. In order to develop safe rock engineering designs, factors affecting
shear behavior of rock discontinuities should be carefully analyzed. In this study,
effects of shear rateample size, rougless characteristics and-dependency of these

effectsare investigated orock discontinuity sample replicas

3D models ofthe rock discontinuities are generated with cloaege digital
photogrammetry. Then, discontinuity models are obtaineda@ printer, to be used
as a mould to produce concretiscontinuity sample replicdsr direct shear tesThe
suggested rock discontinuity sample replication methodologyhe literature is
adopted and founit be successful with accurate represantationtehded roughness

level d the sample.

The drect shear tests are conductedder three different constant normal load
conditionswith threedifferent shearateson two different sample sigelrhe obughness
degree of the samples are measured in terms,and itchangedbeween 0.115
0.420.



Experimental results indicated that, shear strength increagesmuaniéasing degree of

roughness Mor eover, itos r ev ermoimealdiredstependestf f ect of
propertyand itdiffers for high and low normal stress levelavestigation of sample

size effect showedontradictory results with the previous studies in the literaluie

observed that thehear strength ofhe small size samples is lower th#ime shear

strength ofthe larger samples, even though the roughness is high#greismall

samplesl n addi ti on, thée dsheasrate effectasackepertient witlathe

effect of the roughness antie effect of sample si2. The shearate effect becomes

greater as the roughness degree decreases and the sample size decreases.

Keywords: Rock discontinty, Roughness effect, Sheate effect, Sample size effect
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CHAPTER 1

INTRODUCTION

Rock massesre not continious and contaiveakness zones such as faults, joints,
bedding planes, fractures asdhistosity These geological featureme generally

called discontinuitiesPresence ahediscontinuities significantly effect the behavior

of the rock masses. Especially at shallow depths, where the confining pressures are

low, failure problem is natisually attributed tthe intact rock, bito thesliding along

the discontinuitiegHoek, 2007 . Therefore, itéds i mportan
characeristics ofthe rock discontinuities where the behavior tbe rock mass is

controlled by theailure of thediscontinuity, in order to develop safe rock engineering

designs.

Parameters related to the frictional behavior of rock discontinuities, suchlaanme
residual values of shear strength, friction angle and cohesion, canebmided by

direct shear tesfAlthough there are some variatgymgeneraly direct shear telgvices
incorporate; a stiff testing system on which loading devices can a&giasm holder

(shear box), loading devices to apply shear and normal loads, devices to measure loads
and displacements. Specimens usdtiedirect shear teshay be of any shape or size

as long as the surface area can be determined accurately. Ushgadlyecimens are
obtained from borehole drillings or akscontinuity samplesacquiredin the field
(Muralha et al., 204). Consequentlythedirect shear test can be applied only once on
aspecimema nd it &s not thetessiithivarylingcoditions bnethe same

discontinuity plane.



Relationship between shear strength and normal strdssgisentlyrepresented by
Mohr-Coulomb equatiogEqn. 1)

U= cnt+a ndi (1)
where;
U Shear Strength

c: Cohesion
Un: Normal Stress
a: Friction Angle

However, Barton (1971, 1973) investigated the shearing behavior of natural rock
discontinuities and showed that the relationship betwesshear strength and normal
stress is nonlineatherefore MolCoulomb equation fails to accurately depicttiiue
nature of shearing behavior. Barton and Choubey (1977) proposed the following
empirical criterionEqgn. 2)for rock discontinuities by conducting direct shear tests on

130 samples.
U amtan(: + JRC logo(JCS/En)) 2)
where;
JRC: Joint Roughess Coefficient
JCS: Jointwall Compressive Strength

The searing behavior of rock discontinuities are effected by several fddters

roughness, normal load, sheate, scale, infilling material and presence of water.

Rock discontinuity surfaces contain varying degrees of irregularity which accounts for
the roughness effect. Shearing along rough surfaces require ovemiiogushing

of small scale asperities or large scale undulations which in turn increases the shea
strengthThe oughness effect on shear behaviahefrock discontinuities are verified

by several researchers in the past. One way of charactetitgngughness degree is

the determination of dilation angle and it was shown that higher dilatioa kagls to



a higher shear strength (Barton, 1971; Sfondrini and Sterlacchini, 1996; Yang et al.,
2010).Roughness levels are frequently represented by the JRtbesltearing tests
indicated that the shear strength is higher for surfaces with a higBegKiRura et

al., 1993; Yang et al., 2010). In addition, since the JRC is subjective parametér,s
attempted to replace the JRC with statistical paramégsondrini and Sterlacchini,
1996).

Shearrate is another factor that hgignificant effect onlsearing characteristics. The
effect is attributed to the change in contact area between surfaces with changing
displacement velocity. Several authors published different outcontles shearate
effect due to the dependence on normal stress, matepal eig. Several studies
concluded that increased sheate leads tthehigher shear strength values (Dieterich,
1972; Schneider, 197Crawford and Currar981; Lockner et al., 1986; Lajtai and
Gadi, 1989; Atapour and Moosavi, 2013). Conversely, stuthdgating that
decreased sheaate leads tahe higher shear strength values, are also numerous
(Crawford and Curran, 1981; AtapocamdMoosavi, 2013; Kleepmak et al., 2016). In
addition, there are other studiesttltates no significant shemate efect (Crawford

and Curran, 1981, Olsson, 1974).

Size of the sanips used in direct shear tésts been known to effect the outcome of

the experiments. Small size sample surfaces contains only smaller and steeper
asperities, whereas large size samples @sdain large scale and more moderately
inclined undulations. This causes a difference between roughness levels of large and
small size samples of the same discontinuity surface, which ifetaots tadifferences

in theshear strengtteffect of sample geontheshear strength of rock discontinuities

has been investigated by several researcBengeral studies showed that decreasing
the sample size leads tthe higher shear strength values (Bandis et al., 1981,
Yoshinakaet al, 1991; Ueng et al., 201.0However, there are several other studies
indicating no significant sample size effect (Hencher et al., 1993; Tatone & Grasselli,
2012; Johansson, 2016).

1.1Problem Statement
In thedirect shear tesif therock discontinuities, due to the nature of thpexxment,
specimens can only be used once. Therefore, experimengenerally conducted on
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different specimens from theame discontinuity |t 6 s al so possi bl e

specimen as long as each test is under a lower normal stress condition than the
following one. However, performing experiments in these manners, increases the error
margin of the results, since the surfaces show differences in each test or they get
gradually deformed with repeated tedtsaddition obtaining discontinuity samples

in the field or from the boreholesnst always easythereby limiting the number of

tests that can be performed. For these reasons, replicating discontinuity samples that
accurately reflects roughness levels with a material that showshac#cteristicsis

an important step towards decreadimguncertainities associated with the direct shear
tests

Conditions effectinghe shear strength of rock discontinuities have been investigated
by many researchers. However, these conditions are atdepsmdent. In other words,
effects of a conditiorfsuch asshearrate) might increase or decreaspending on
another (such as roughlsseandsample size). Understanding the-dependency of
these conditionss important for predicting insitu shear strength tbe rock

discontinuities

1.2.0Dbjectives of the Study

The main objective of this study is to understand the effectheofliscontnuity
roughnessthe shearrate andthe sample size on the shear strengthttoé rock
discontinuities, so that the -@ependency of these conditions can be investigated and
underlying reasons for the effect can be identified.

For this pupose, it is aimea@t developinga low-cost and practical methodology
replicate discontinuity samples with sufficient accuracy to preserve roughness degree.
Close range digital photogrammetry and 3D printing technolagy used for
developing the methodology.

1.3.0rganisation of the Thesis

This thesis involves eight chapters. An introduction is presented in Chapter I. Chapter
Il provides the overview of parameters effecting shear behavior of rock discontinuities.
Research methodology is described in Chapter Ill. In Chdgte3D modelling of

rock discontinuities are presented. In Chapter V, roughness characterization of rock

t

(0]



discontinuities are explained. In Chapter VI, experimental setup is presented.
Experimental result@nd discussionsre given in Chapter VIiConclwisions and

recommendations apFesented in Chapter VIII.






CHAPTER 2

OVERVIEW OF THE FACTORS AFFECTING THE SHEAR BEHAVIOR OF
ROCK DISCONTINUITIES

Shearing characteristics of rock discontinuities depends on several factors, namely
surface roughnesapplied normal stress, sheate scale, infilling, water, etc. In this
study; effects of roughnesshearate and sample siomtheshear strength are further
investigatedFor this purpose, a literature survey on these effects is presented in the

following subsections.

2.1. Effect of Roughness

The $ear strength nasured with direct shear tdgavily depends on the roughness
degree of the rocltiscontinuity Influence of roughness arises from the amount, extent

and strength of individual asperities, since shearing motion comprises overriding and
breaking of the asperities. Barton (1971) revealed the relationship between peak
dilation angle andliscontinuitypeak shear strength. Barton (1971) also offered an
analogy to estimate peak shear strength for any range of normal stresses based on the
recording of joint roughness profilesn this section, firstly previous studies
investigating roughness effect on sha#&rength are given. Then, studies relating
roughness levels toxAractal dimension and other statistical parameters are presented,

respectively.

The dfect of roughness characteristics on the shear strength is one of the intensely
studied subsections the literature Reeves (1985) developed the relation between
friction angle and statistical parameters of roughness level of a rock discontinuity

surface, in order to replace laborious direct shear tests with a roughness data
7



acquisition procesKimura et al. (1993) investigated the shearing behavior of rock
joints with different roughness levels. After direct shearing of joints, authors observed
the increase in area of damaged asperities under increasing normal stress on the joint.
Sfondrini and Sterlechini (1996) analyzed the effect thfe discontinuity roughness

levels ortheshear strength by performing direct shear tests on discontinuity replicates
produced with epoxy resins. Authors represented roughness levels with primary and
secondary dilatatio angles (i), and observesh increase in shear strength with

increasing dilatation angles.

Yang et al. (2010) conducted direct shear tests on the discontinuity samples at two
different roughness levels and investigated the effects of the roughnessatetiree
discontinuity shear behavior. Experimental samples were produced using molds
produced by the layered object manufacturing method. As a result of the tests, it was
determined that the peak shear strength is higher in the sample with high roughness. |
has been determined that the roughness also affectsGéathomb parameters such

as cohesion and friction angle. The increased roughness caused an increase in both
parameters, more significant in cohesion. Finally, there was not any difference

between tk residual shear strengthdifferentroughness levels.

BartonandChoubey (1977) proposed an empirical equation of shear strengtiBfEqn.
that accurately describes the naslar behavior of rock joints.

(:0in tan [ JRC logo (JCS /0 ) + (b ] (3)
where U= peak shear strength
0n = effective normal stress
JRC = joint roughness coefficient
JCS = joint wall compressive strength
Up = basic friction angle

Based on Equatio8, Bartonand Choubey (1977) offeréenstandard joint roughness
profiles in order to quantify roughness levels, by beakulating the equation for
selected rock discontinuity samples. Figdd presents the standard roughness

profiles with associated JRC values.
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Figure2.1. Standard roughness profiles proposed by Barton & Choubey (1977)

The gandard joint roughness profiles have been used extensively to determine JRC
values.However since this approach is based on visual comparison, it becomes
subjective. Therefore, many researchers attempted to develop statistical models for

characterizing the roughness of the discontinuities

Tse and Cruden (1979) developed an empirical equation, relatirfy {h@ot mean
squareof thefirst derivativeof the pofiles) and JRC, using linear regression, based
on ten standard roughness profiles proposed by Barton and Choubey Gt8iidard
profiles were enlarged 2.5 times and amplitude readings were taken at 1.27 mm
intervals.Tse and Cruden (1978xpressed th&: in discrete form as in Equatiah
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O —B & 4
Where M= Number of intervals
Dx= Constant distance between two adjacent amplitude readings
y= Amplitude of the roughness about the centesli
Tse & Cruden (1979) offered the Equat®for correlation betweed, and JRC.
JRC=32.2 + 32.47 log ¥ 5) (

Yu and Vayssade (1991) investigated the effect of sampling internz perameter,
concluding thakZ:is indeed sensitive to sampling interval andEhaation4 proposed

by Tse and Cruden (1979) would be meaningless if a sampling interval different from
thetheibs i s used. Yang et al . (@najoixprdflesr gued t he
without changing the JRC value was an erroneous concept employed in Tse and
Cruden (1979). Thereforefang et al. (2001proposed a new formula using the
original scale joint profiles, and also advised the use ofadfity transformaion
approach when changing the original length of a joint profile which uses different
scaling factors for perpendicular directions to preserve similarity. Jang et al. (2014)
discussed the relationships between JRC and statistical roughness paramei@ss suc
Z>, SF (structure function) andpRroughness profile indexes). These parameters
showed good correlation between each other and IRPendency of JRC to
sampling interval isalso pointed out. Li and Zhang (2015) reviewed all previous
studies that rates JRC to mentioned statistical parameters and discussed the
limitations of each. Combining available roughness profiles in the literature, authors
developed new empirical equations for quantitative JRC determination.

Grasselli et al. (2002) defined somoeighness parameters corresponding to maximum
possible contact area, maximum dip angle and degree of roughness paréhsster.
used these parameters to relate roughness to shear strength and trace the evolution of

roughness and surface characteristiceeustiearing.

Kliche (1991) attempted to quantify the roughness of rock discontinuities using fractal

dimension and proposed a relationship between JRC and fractal dimension in order to
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determine the peak shear strength of a discontinuity witheubéedor subjective
roughness determinatiorOdling (1994) analyzed the relationship between JRC and
fractal dimension of natural rock discontinuities. Results of the study revealed that
JRC increases with increasing amplitude and decreases with increasity fra
dimension. Xu et al. (2012) considered natural rock discontinuity surfaces as fractal
curves, and developed an empirical relation with high accuracy, between JRC and
fractal dimension of joints. Li and Huang (2015) reviewed the existing empirical
metlods for JRC determination from fractal dimension and showed variability
between these methods. Li and Huang (2015) proposed a new empirical equation for
JRC determination with fractal dimension, using large number of discontinuity

roughness profiles, redung the variability between individual profiles.

Belem et al. (2000) argued that roughness is a combination of primary and secondary
parameters, and quantifying roughness with linear parameters based on the roughness
profiles, causes underestimation of tbaghness and thus increases the error margin.
The statistical parameters describleg Belem et al. (2000re as follows: primary
roughness parameter; degree of apparent anisotropy, secondary roughmestepgra

mean surface angl&, and surface rougtess coefficient defined by (El Soudani,
1978).

Jiang et al. (2006) analyzed the change in roughness condition of a rock joint using
fractal dimension methods, with shearing by conducting direct shear tests under both
constant normal stress and constamtmal stiffness conditiong.heyused the results

of the experiments to understand mechanical behaviour of rock joints under different

boundary conditions.

Ge et al. (2014) reviewed joint roughness quantification techniques, and discussed the
advantages dfractal dimension based methods. Evaluation and comparison of four

fractal dimension based roughness quantification methods, are presented by authors.

Kulatilake et al. (2006) discussed variability of roughness of a rock joint surface due
to anisotropy adh introduced a new scale dependénaictal parameter K They
proposed the Kx D (D: Fractal dimensionps an overall roughness parameter,

alternative to subjective JRC.
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Tatone and Grasselli (2009) developed a new methodology for 3D surface roughness
characterization using optical measurement devices. The method also made it possible
to determine surface anisotropy at the same time. Quantitative roughness values
obtained with the methodology shown consistency with the observations. Tatone and

Grasseli(2010) improved the previous study and introduced a new 2D roughness

parameter using 3D models by Tatone and Grasselli (2009). The new 2D roughness
parameter appeared to be in good aggreement with 3D roughness values. Also, a new

empirical equation is delgped between 2D roughness parameter and JRC.

Zhang et al . (2014) proposed a new 2D rough
dilation angle, asperity magnitude and direction. A function is generated that relates
JRC to the new coefficient. Agreement betwehe new roughness coefficient and

JRC is verified with conducted direct shearing experiments.

Hong et al. (2008) argued that roughness values were underestimated in previous
studies in this field, especially for relatively rough joint surfacEsey showed
differencein JRC values for theestimated values in previous studies and back
calculated values from direct shear tests with artificial surfaces. Employing at least
two roughness parameters while estimating a statistical roughness parameter, is

swggested aa solution for the problem.

2.2 .Effect of Shar Rate

The ock discontinuities may show different shearing behavior under different
shearing velocitiesDieterich (1972) conducted direct shear tests on different rock
types and found that the stafriction coefficient is the result of timéependent
behavior due to accumulation of rock gouge on the slip surface. The devic®used
testingin this study is a direct shear test device which is frequently used in the field of
rock mechanics. The tieintervals used in the experiments were 1 sec. to 24 h. and
the normal stress was varied from 2 to 85 MPa. The study concluded that the main
parameter controlling the frictiah behavior of rock discontinuitiesis surface
characteristicsAdditionally, it is stated thathe rock type has a weak effect on this
behavior.This study also draws attention to the obvious effect of-tiegendent

change of friction coefficient on rock slope failure.
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Olsson (1974) analyzed the effects of displacement rate aladhgemperature and
pressure on frictional behavior of a fault in limestone. Results suggested a weak

correlation betweethedisplacement rate and frictional resistance.

Schneider (1977) conducted deformation controlled direct shear tests undefal.9 M
normal stress. The shear displacement rate was changed betWédeand. 200
mm/min. Each cycle amounts to 2 sec16 hours. As a result of this study, it was
determined that the fricti@hresistance athediscontinity surface increases linearly,

howeverthe resistancevolves into nonlinear behavior towate maximum value.

Crawford and Curran (1981) revealed that shearing ctesistics of rock joints
dependon the velocity of the shearing. Thewestigated the effect by conducting
direct shear testn different rock types and different normal stress conditibhsy
concluded that dependence of frictional resistancehefrock joints on shear
displacement rate shows variammecording to severatonditions.For hard rocks,
frictional resistance deeases with increasing shear rate that is greater than a critical
value. For soft rocks, frictional resistance increases with increasing shear rate up to a
critical rate, than it remains constant. Untbev normal stress condition (0.65 MPa)
generally resitance increases up to @ént shear rate where it remaigsnstant
afterwards, whereas uadhigh normal stress condition (2.5 MRggnerally resistance
remains constant up #certain shear rate where it starts to dase (Crawford and
Curran, 1981).

Bowden and Curran (1984) studied the tidependentshearbehavior of the
discontinuities and investigated the role of adhesion and the ratio of applied shear
stress tothe shear strength ofhe discontinuity. A largescale direct shear test
equipment was constructed to investigate the creep behavior of schists discontinuities.
The dimension of the shear baxas200 mm x 300 mm. The duration of the direct
shear testsvas4-5 days. Normal and shear stresaese kept constantThey stated
thatthe applied shear stress becomesepronounced in the schist discontinuities if

the ratio of the discontinuity to the shear strengtpreater than 0.9n addition,they
pointed out that, presence of clay minerals in the schist produces an adhesve fo

between the particles and affect the behavior of the discontinuity during shearing.
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Crawford and Curran (1986) stated that the shear creep is significant on discontinuity
at shear stresses close to the shear strenigdy. developed a numerical metheal

model timedependent behavioof rocks. Empirical viscoelastic model was used
because of the small number of experimental discontinuity creep data. As a result of
the numerical experiments wasdetermined that the shear creep becomes important
when he displacement is not prevented on the discontinuity surfaces.

Lockner et al. (1986) investigated the effects of sliding rate and temperature on
frictional behavior of granite surface$hey compared friction coefficients and
identified a correlation betsen sliding rate and frictional resistance.

Lajtai and Gadi (1989) conducted direct shear tests on a goaaitée interface in

order to follow the development of the frictional resistance as displacement and surface
wear grows. In this study, the frioti angle of the surface was observed during
shearing by 25 mm displacement steps of the same surface. The normal stress was
varied from 0.2 MPa to 8 MPa. As a result of this study, the findings of Dieterich
(1972) were confirmed and it was determined thatdisplacement ratio, time and

stationary contact between the surfaces increased the friction angle.

Malan (1998) developed a direct shear test machine to model thelé¢peadent
behavior of rock discontinuities. Experiments were carried out on fildduafilled
discontinuities. Thappliednormal stressesere0.5 MPa, 1.0 MPa and 1.5 MPa. The
duration of the experiments varied from 4 to 48 hours. As a reswtisishown that

the magnitude atheshear creep depends on the shear stress to shegttstagio, as
mentioned in previous studies. In addition, experimewvdse carried out on the
discontinuities with different filling thicknesses, and the effect of the filling thickness
was also investigated. Wasdetermined that the creep changes lilyewith filling

thicknessandthe creep velocity increases as the filling thickness increases.

Li et al. (2AL.2) evaluated the sheetedependency of rock fractures. Experinant
results suggested that there is a weak relation between peak shear sindrgjtrar
rateespecially at lowsheamrates. However, at residual stage, stremgtheases with

increasing sheaate
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Atapour and Maosavi (2013) studied the sheaate effect on behavior of artificial
joints. Artificial jointswereprepared with plastend concrete. Direct shear testye
conducted with different sheaates They concluded that shear strength of artificial
joints is dependent on the shearing velocity and the extent of this effect depends on

material type, normal stress and roughnesgsis.

Kleepmek et al. (2016) conducted triaxial shear tests to inegéstige Hects of shear
rateontheshear strengths of smooth surfaces on different rock types. Rémuwisds
that the shearate effect onthe shear strength is more prevalentcmmpetentocks
with relatively rough surfaced.he shear strength and dilation rates increlaséh
increasing confining pressuréhey proposed an empirical relationghbetween the
shearateandtheshear strengths of rock fractures based owolit@ired experimental

results

2.3. Effect of Sample Size

In directshear testf rock discontinuities, specimen size has significant effect on the
shear strengthilhe oughness level of roaftiscontinityis a value that is determined

for a fixed length of joinspecimen. As the length of the joint specimen increases,
generally, JRC value decreases. Consequently, lotdigeontinuity samples have
lower peak shear strength. Barton and Bandis (1980) expltiredffectasstating

that the longer joint samples jumover smaller steep asperities, therefore only the
longer and more gently inclined asperities comes into contact which controls the large
scale shear strength. Figl@x@ shows the results of the experimental study explaining
the relation betweethe speémen size andhe shear strength, conducted by Bandis
(1979). Barton and Bandis (1982) introduced empirical scale correction factors for
JRC and JC& theBartonBandis shear strength criteri@@quations 6 and)7

JRG=JRG — (6)

8
JCS=JCS — (7)
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Where; JRG, JCS, Lo indicates the values of the labomngtsample.

JRG,,JCS indicates the insitu values.

Jl.c‘ = 16+1 (mean)
IRC = 13:8 (mean)

ch‘" = 10'5 (mean)

& me = o
]
|
- +—180mm —+
- /T 7 3
s L=
—
— 0 SOt —

2 Zs
-ﬁ—-&-
— —

L
2 mm

SHEAR DISPLACEMENT
Figure2.2. Shear behavior with different specimen sizes, Bandis (1979).

Bandis et al. (1981) studied the scale effect on rock joints by conducting direct shear
tests on different size specimens. Results showed that, shear strength is a scale
dependent property and peak shear strength increases as the block size d€bmases.
concluded that scale effect is more prevalent for rough,undulating discontinuity

surfaces and almost ignorable for smooth, planar surfaces.

Yoshinaka et al. (1991) presented experimental resodesned from thevestigaton

of thesizeon shear strength of rock joints. Direct shear t@ste conducted on a wide
range of joint lengthsTheydetected stronpverse correlation between the increasing
shearing area and shear strength.
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Hencher et al. (1993) conducted direct shear testdifterent sizesof rock joint
speciments and compared the results widt of Bandis (1980). Joint lengthsgere
varied between 88 and 354 mm. Results implied insignifeiaatiependency of shear

strength, as opposed to whedsproposed by Bandis (1980

Fardin et al. (2001) investigated tseze dependecy of rock discontinuity surface
roughness. Authors replicated a natural joint sunféitie the size 0fL000 mm x 1000

mm bu usingdigitized surface. Fractal parameters of the discontinugtecalculaed

with 10 different sampling windows changing from 100 mm x 100 mm to 1000 mm x
1000 mm.They stated thathe surface roughness is a scale dependent property that
increases with decreasing size. However, it reaches a threshold where the roughness

value isstabilized despite the increasing size of the rock joint.

Fardin et al. (2004) used 3D scanner technology to transfer the texture of a rock
discontinuity surfacewith a sizeof 6 m x 4 m to the computer environment to
investigate theizeeffect on roughess. Four sample surfaces ranging from 1000 mm

x 1000 mm to 4000 mm x 4000 mm were selected and the roughnesses were compared
by assigning the amplitude values of the surfaces. As a result of the study, it was
observed thate roughness decreaseish deaeasing scale and that roughness value

was fixed at 3000 mm x 3000 mm dimension.

Ueng et al. (2010) investigat#lie sizeeffect on shear behaviour of artificial joints of
two different roughnessharacteristicsvith sizes ranging from 75 mm to 300 mm in
length.The average of the specimens cut from the larger dimemsashigher than
that of the original discontinuityThey also concluded that joint surface geometry
configuration is mainly responsible ftine size effect rather tharthe length of the

speémen

Tatone and Grasselli (2012) studiside effect on shear strength of rock joint by
performing numerical direct shear test witkdithensional finitediscrete element
method. Models with 400, 200, 100 and 50 mm joint lengt#e constructed. Results
did not show any significargample sizeeffect onthe shear strength. However, size
dependency of shear stiffnesss identified.
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Tatone and Grasselli (2013) argued that large scale surface roughness components
were neglected in previous studies since the investigatroer® restricted to small

joint surfaces (< 1 R). Thereforetheystudied the roughness scale effect by digitizing
large scalesurfaces (2n x 3 mand2 m x 2 m) and digitzing small scale samples (100

mm x 100 mm) from the same surfaces. Results skduwncreasing roughness with

increasing sample size, contrary to many previous studies.
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CHAPTER 3

RESEARCH METHODOLOGY

In this thesis, a methodology is developed toestigate the effects of sheaate,
sample size and roughness characteristics on shear behavior of rock discontinuities.
For this purpose, closange digital photogrammetry and 3D printing technology is
utilized to produce rock discontinuity sample replicas. Then, direct shearatests

conducted on the produced replicas to investigate the forementioned effects.

It is aimed at developing a lewost and practical rock discontinuity replica production
methodology that will accurately reflect the roughness degree of the original
disconinuity. Developments irdigital photogrammetry softwares and 3D printing
technologiesoffer a promising way to achieveishIn order to decrease the error
margin of the direct shear test results, experiments are conducted on discontinuity
replicas with te same surface and material properties. Flowchart of the proposed

methodology is given in Figure.B
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Step I: 3D modeling of

discontinuity surfaces

with closerange digital
photogrammetry

l

Step II: 3D printing of

rock discontinuity models
to be used as moulds and

roughness characterizatio

l

Step IlI: Casting

concrete discontinuity

sample replicas

l

Step IV: Direct shear test

of discontinuity samples

Figure3.1. Flowchart of the proposed methodology
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Step I: In the first step, 3D models of two selected rock discontinuity samples with
defined roughness levels are generated with cl@sge digital photogrammetry.
Agisoft Photoscan software isedto produce sparse point cloud, dense point cloud,
digital elevation models and 3D models, respectively. Lastly, the 3D models are
enlarged ande-scaledto generate 2@m x 20 cmdiscontinuitymodels.Roughness
degree of the 3D models are identified in termsxgbatameter.

Step Il: In the second step, geatrd 3D models are printadit as solid objects by
using a 3D printer. Polylactic acid (PLA) is used as the raw material. The discontinuity
models are used as moulds in the next steps. At the end of step2D tmo x 20 cm

PLA moulds, each corresponding a differentroughness level, are obtained.

Roughness degree of the PLA mouldsagainidentified in terms of Zparameter.

Step Il : In the third step, discontinuity sample replicas are cast. By using the PLA
moulds and a cement mixture, concrete discontinuity samples are ob#sirfist,

two set of 20cm x 20 cm replicas are cast, corresponding to two different roughness
levels. Then, in order to investigate sample size effect, discontinuity replicas with
higher roughness level are cut into four equal parts. Thus, four setcai 2@0 cm
replicas are obtaine®Roughness degree of the concrete test samples are identified in
termsof Z> parameter. Then,>0f the 3D modelsthe PLA moulds andhe concrete

test samples are comparecei@luate the change in thmughness degree through the
steps of discontinuity sample replication procedure. The comparison is used for

evaluating the success of the proposed methodology.

Step IV: In the fourth step, direct shear tests are conducted on produced discontinuity
sampls. Experiments are conducted unttieee normaloadconditions at three shear

rates (10x10%1 7.5x10% - 5x10* mm/sec), on two sample sizes @0 x 20cmi 10

cmx 10 cm). Experimental results are evaluateddentify the effects of sheaate,
sampe size and roughness characteristics on shearing behavior. Tiuspesalency

of these effects are investigated.
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CHAPTER 4

3D MODELING OF DISCONTINUITY SURFACES WITH CLOSE -RANGE
DIGITAL PHOTOGRAMMETRY

The shear tests on real rock discontinuities, for investigating th@gependency of
various factors requires producing replicas of discontinuity surfaces. For this purpose,
the 3D digital models of the rock discontinuity surfaces are used for producing
accuate replicasusing closerange digital photogrammetryn this chapter, first, a
review of studies using photogrammetry in discontinuity surface modeling is given.
Then the proposed methodologydbtain test samples to conduct tthieect shear

experiments is explained in detail.

4.1.0verview of Photogrammetry of Discontinuity Surface Modeling

Photogrammetry is a remote sensing technique that allows the determination of shape
and dimensions ofan object from photogrammetric imaged.inder, 2003)
Photogrammetry has been used in various fields of engineésmgapping andD
modeling In geotechnical engineering fieldwork, mapping of rock discontinuities is a
fundamental but also timeonsuming and dangerous task. In addition, spaft
discontinuities that can easily be mapped are limited and the considezatitensof
discontinuities are owtf-reach by foot (Haneberg, 2008). Digital photogrammetric
methods offers a timsaving and eastp-implement procedure for rock discontityui
mapping while preventing field personnel from dangerous situations such as rock falls
and slides. Moreover, owing to the advances in DSLR camera technologies and

modern photogrammetry softwares, detection of even small features of any shape is
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now posdble with close range digital photogrammetry. Therefore, this method can also
be employed tadentify roughness degree of rock discontinuties.

Ohnishi et al. (2006) proposed a new approach for slope monitoring using digital
photogrammetryThe gplication ©nsists of processing digital camera images and
comparing the distances between each model produced at differentTthegslso

verified the precision and accuracy of the proposed approach.

Haneberg (2007) explained the procedure to extract roughndgespfiom digital
photogrammetric or laser scanner point clouds of discontinuity surfaces. Estimation of
asperity angles and JRC values of discontinuity profiles extracted tfrerpoint

clouds is explained with an example study.

Haneberg (2008) describethe application of close range terrestrial digital
photogrammetry for rock slope modeling and discontinuity mappiagxplained the
process with five case studies. Advantadethedigital photogrammetry ovehe 3D
scanning for discontinuity mappingrea listed as; costffectiveness, equipment
convenience and detection of features such as veins or joint tracesthatnot be

possible with a B scanner.

Firpo et al. (2011) utilized digital terrestrial photogrammetry to model a discontinuious
rock slge and used the 3D model of the rock mass for stability investigation by distinct
element numerical method. The study showed that data coming from photogrammetric

techniques isufficient and accurate enougghmake aaumerical analysis.

''nal et aadessed the Osé il photogrammetry in the measurement of
surface roughness and compared it with other existing methods. The topographic
features of a rock discontinuity are determined by photogrammetry, comparator,
profilometer and drag measuremenstsyn. They concluded that photogrammetry
offers many advantages compared to other methods. For example, photogrammetry
makes it possible to perform measurements with sufficient precision, to obtain very
large amounts of data in a short time, to control rémilts and to repeat them if
necessary, since the obtained data is permanent. Another advantage is that
photogrammetry is less costly than laser scanning which gives thesthggmesitivity

in such studies.
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4.2.Photogrammetric Analysis of Rock Discontinitly Samples
In order to create 3D surface models, two discontinuity samples are selected. Samples
are named A and B (Figurel). The sample A is from a discontinuity in a volcanic

rock and the sample B is from a discontinuity in limestone.

DiscontinuitySpecimen A DiscontinuitySpecimen B

e

Figure4.1. Rockdiscontinuityspecimens A and B

Canon EOS 30D Digital SLR camera is utilized to take photographs of the specimens.
18 mm lens is used on the camdtightfixed points are determined on the specimens

to be used as markers time photogrammetric analysis (Figude?). Purpose of the
markers is to introduce dimension and to align photos accurately. 21 photographs are

taken for both specimens from various &sg|
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Figure4.2 Fixed points marked ompgscimen B

Agisoft Photoscan software is used to perform photogrammetric processing. Agisoft
Photoscan is an advanced 3D modelling solution, which aims creating 3D rfnoatels

images. Workflow of photogrammetiirocessing is given in Figude3.

Step |: Camera Alignment

and point cloud generation

v

Step II: Dense cloud Step llI: Digital elevation
generation model (DEM) generation

Step IV: Mesh generation

v

Step V: Export of 3D
model (STLfile)

Figure4.3. Photogrammetriprocessing wrkflow
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Step I: Camera Alignment andPoint Cloud Generation

The imagesre loaded othe Agisoft Photoscan softwar&éhe fixed points marked on

the specimens are flagged on eanhge(Figure4.4). Markers are used for setting a
coordinate system, camera alignment optimization and measuring distances on the
model. Parts of the photographs other ttreerock discontinuity sample surface, are
masked out from the processing, so that a less noisy plmud can be obtained.

Masked areas are excluded durspgrse point cloud generation

Marker

Discontinuity

Surface

Masked

Area

Figure4.4. The masked areas aride markers

The ®ftware estimates the position of the camera in @acgeand refines camera
calibration parameters by matching the common points betimeggesand using
markers as fixed positions on eactage Eventually, a sparse point cloud and a set of
camera positions are obtainéithe arse point cloud just represenite tresults of

imagealignmentand it can not be used in 3D model constuction (Agisoft LLC6R01

The garse point clouds of Specimen A and Specimen B consists of 9388 and 9813

points, respectively (Figu#5).
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Figure4.5. Sparsepoint clouds ofspecimens; (ajpecimen A, (blpecimen B
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Step II: Dense Cloud Generation

Based on the camera positidhe software calculates the depth information for each
imageand combines them into a single dense point cloud. Aggressive depth filtering
mode is selected in order to sort out outliers which are meaningless small details.
Dense cloudobtained forSpecimen A and Specimen B consists of 244,663 and
124,408 points, respectively (Figutes).

Step IlI: Digital Elevation Model (DEM) Generation

The DEM of the selectedliscontinuity sirfacesare constructed based on the dense
clouds(Figure4.7). The DEMrepresents the surface models as a regular height grid
(Agisoft LLC, 2016). Resolution ot h e  Df&r i8j@esimen A and Specimen B are,
0.081 mm/piel and 0.178 mm/pe, respectively.Reference level (0 mm) is the

surface of the concrete frame around the discontinuity samples.
Step IV: Mesh Generation

TheAgisoft Photoscasoftwareconstucts 3D Mesh representing object surface based
on the dense cloudThe reight field algorithmic method is selected for mesh
generation, which is the recommended algorithm for planar type suridloeS8D

model meshes dheboth specimens are given in Fig4r&.
Step V: Export of 3D Model

The softwaresupports exportinggf models in different file formats. 3D Meshes
obtained inStep IV, exported as STL file§TL is the supported file format by 3D
printer softwaresThe3D Models are imported to 3D Builder application of Windows
for further editing(Figure4.9).
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Figure4.6. Dense clouds of specimens; (a) specimen A,g&isnen B
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Figure4.7. Digital elevation models of specimens; (a) specimen A,g&imen B
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Figure4.8. 3D models ofspecimens; (a) specimen A, (lpesimen B
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Figure4.9 Exported 3D mdels (STL) (a) specimen A, (b)ogcimen B
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4.3.Preparation of Rock Discontinuily Replicas

The photogrammetric analysis of the two rodiscontinuity samples successfuly
resulted in 3D modelsf the surfacesf the discontinuitiesThese 3D models are used
for producing two rock discontinuitgplicascorresponding to two different roughness
levels. For tis purpose, only a specific part of the eatbcontinuitysample, shown
in Figure4.1Q is used. SpecHid parts of theliscontinuitysamples on the 3D models
are split, enlarged and distorted to become a rock discontinuity tixgtllesired
roughness leveland dimension@0cmx 20 cn) which is required by the 3D printing
process

JointSpecimen A JointSpecimen B

Figure4.10 Modelled parts of the rock joint samples
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The final 3D modelsto be used as rocHliscontinuity surface replicas the next
chapters are presented in Figdrél

Figure4.11 Replicated rock discontinuity surface models; (a) discontinuity A, (b)

discontinuity B
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CHAPTER 5

3D PRINTING AND ROUGHNESS MEASUREMENT OF ROCK
DISCONTINUIT Y REPLICAS

In laboratory experimentsonducted for thenatural rockdiscontinuities all test
specimens arased only once and is iimpossible to conduct experiments with the
same surface morphology of the natural specimen. This phenomenon limits the
experi ment al procedur e dramaticayjyty,
investigate surface characteristics dhe rock discontinuity with other varying
conditions (normal stress, shear rate etc.). Therefore, replication adisacktinuity
specimens araeededVarious studiesttempted to producdiscontinuityreplicates

using silicon or aluminium moulds and concréteg. Stimpson, 1970; Jafari et al.,
2004; Roosta et al., 2006; Atapour and Moosavi, 2013; Jiang et al., 2016fent
years, developments in 3D printing technology introduced a new way of producing
rock discontinuitymoulds with the same surface morpholagitigh precisio levels

In this chapter, 3D printing of roattiscontinuitymodels prepared with clogsange

digital photogrammetry is explained. Surface characteristitge8D models, moulds
andcastconcrete blocks are evaluated and compared in order to evaluate the accuracy

of the method teeflect the originafoughness degree.

5.1.0verview of 3D Printing Applications in Rock Mechanics

Applicability of 3D printers in rock mechanics is firstadyzed by Jiang and Zhao
(2014). Polylactic acid (PLA) is used as raw matetiiaxial compressive strength

and direct tensile strength tests were conducted on specimens printed by a 3D printer
with fused deposition modelling technique, and the Youngduhus and Poisson's
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ratio of the material were determinetihe PLA samples exhibited elastpdastic
behavior in uniaxial compressive strength tests and elastile behavior in direct
tensile strength tests. The mechanical properties of the prirdedpecimens have
revealed that a more suitable printing material must be developed to better imitate rock
behavior. However,Jiang and Zhao (2014noted that future technological
developments in 3D printing technology and raw mateoatsmake this fieldnore

attractive for researchers in rock mechanics.

Fereshtenejad and Song (2016) investigated the effect of printing conditions such as
printing direction, layer thickness and binding agent saturation level on 3D printed test
samples.The samples obtainedsing a powdebased raw material exhibited low
strength and flexible material behavidheyconcentraté on methods thatan make

the sampledbehave like a rock by improving material properties. By testing the
conditions mentioned above, they studiezldhiaxial compressive strength and stress
strain behavior of the materidlhey obtainedamples with low uniaxial compressive
strength behaving like natural rock. Despite the success dahdseresults, they
emphasized the need for further development®ck mechanics applicationsing

the 3D printing technology.

Jiang et al. (2016) used molds produced with 3D printers to cast concrete test
specimens. Thus, the natural discontinuity surface is formed in concrete samples in
order to conduct direct shetest. With the 3D scanning method, the discontinuity
surface was transferred to the computer environment and the point cloud was created.
Later, 3D model of the surface was created from 3D point cloudaiitkD software.
Polylactic acid (PLA) was useds raw material in 3D printer. Using PLA nid,
concrete discontinuity blockaere cast. Direct shear tests were carried outhen
concrete blocks. The normal stress and shear rates used in the expeersedt

MPa and 0.01 mm /s, respectively. Theidgon from the shear strength of the surface
was determined as-@P. Deviations in the shear stresses of discontinuity surfaces
simulated by other methoudsere between 8 and 20%. The study confirmed the success

and promising future of 3D printer applicats in rock mechanics.
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5.2. 3D Printing of Rock Discontinuity SurfaceReplicas

The poduced 3D models are printed out as solid objects Wiilmaker 2 Extended
3D printer. Polylactic acid (PLA) is used as raw matefiae PLA is a biodegradable
thermopastic obtained from plant wastes such as corn starch and sugdritaReA
has several advantages over other plastics used in 3D prifkiad?LA is a cheap,
widely available environmestiendly material. In additionthe PLA is a more rigid
materialthanAcrylonitrile Butadiene Styren@BS) which is another commonly used

petroleum based 3D printing raw material.

Fused deposition modelling (FDM) technique is employed for printing. In FDM, raw
material is melted at high temperature and extruded froazzle to form a section of

3D model as the material cools down and solidifies. This process is repeated layer by
layer from bottom to top of the model (Ahn et al., 2009). Graphical explanation of
working mechanism of FDM is presented in Fighre

PLA filament

» Nozzle

——
e ——» Printing table

Figure5.1 Fused deposition modelling (FDM) method in 3ihfing

The 3D printed rock discontinuities are shown in Figbr2 Theseare laterused as

moulds to produce concrete discontinuity specimens in the next stages of the study.
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Figure5.2 3D prirted rock dscontinuiy surface replicas
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5.3. Dilation Angle of Rock Discontinuity Replicas

The surface topography of rock discontinuities consists of asperities which has
significant influence on shear resistance of rock masses (Patton, 1966). When a shear
stress applied on a rock joint, sliding along the surface occurs by climbing the
asperities. Tarefore, inclination angle of the asperities is a major factor controlling
the shear behavior of the rock joints. Inclination angle, also referred as dilation angle,
is denoted as(Figure5.3).

normal stress o,

s

1

| 4+—— shear stress

Figure5.3. Dilation argle (i), retrieved fromwww.rocscience.com/documents

/hoek/corner/05_Shear_strength_of_discontinuities.pdf

In this study, dilation angle is measured along the profiles taken at different angles
throughout the surfaces. 18 crasstions are taken on the constructed 3D models of
artificial discontinuities, ranging fromAto 180A Crosssection linesare given in
Figure5.4. Crosssections are taken at all directions, in order to estimate the overall

roughness of the surface. Thus, roughness difference between two models can be

observed.

=] 60°
¢ 70°

80°

90°

100°

180° 170° 160 150°  140°

Figure5.4. Position ofcrossectionsiong thediscontinuity replicas (planiew)
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The3D models of the profiles of the badiscontinuity replicas (Sample A and &g
imported to SketchUp Make 2017 software. Using the protractor tool of SketchUp

dilation anglesare measured. Figukeb presents thprocess oangle measurement on

thedi scontinuitly Ao6s profile at O
,’yl' ‘
4.6A

Figure5.5. Angle neasurement at SketchUp using protractor tool

Angle measurement results and descriptive statistics oflitheon anglefor both
discontinuities are given ifables 5.1 and5.2. The dfference between the average
dilation anglesbetween two models confirms the preliminary assumption for the

models tohave two different roughness degrees before going into detaugtimess
characterization study.
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Table5.1. Descriptive fatistics ofdilation anglesfor Discontinuity A

Profile i(1st) i(2nd) i(3rd) Min. Max. Mean Standard
Angle Deviation
A-0OA 46 4.6 4.6 4.6 0.00
A-10A 25 2,5 2.5 25 0.0
A2 0A52 1.8 1.8 5.2 3.5 1.70
A-30A32 25 2.5 3.2 29 0.35
A-40A47 3 3 4.7 39 085
A-50A38 4 3.8 4 39 0.10
A6 0A27 1.4 3.2 1.4 3.2 24  0.76
A-70A31 39 6.2 3.1 6.2 44 131
A-8 0 A 52 6.8 7.8 5.2 7.8 6.6 1.07
A90A5.3 53 4.5 4.5 5.3 50 0.38
A-100 46 49 4.1 4.1 4.9 45 0.33
A-11063 38 3.8 6.3 5.1 1.25
A-1205 2.7 2.7 5 3.9 1.15
A-1307 2.2 2.2 7 4.6  2.40
A-14052 23 2.3 5.2 3.8 1.45
A-150 5.3 5.3 5.3 53  0.00
A-160 5.6 5.6 5.6 56  0.00
A-1705.2 5.2 5.2 52  0.00
AVERAGE 4.3
St. Dev. 1.1

The mean dilation angle f@iscontinuity A is 4.8 and standard deviation is t.1

Therefore, it can be stated tlla¢ Discontinuity A represents a low roughness degree.
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Table5.2. Descriptive gatistics ofdilation anglefor Discontinuity B

Profile i i i i i Min. Max. Mean Standard
Anglet (1st) (2nd) (3rd) (4th) (5th) Deviation
B-OA 9.8 8.2 183 9.7 109 82 183 11.4 3.57
B-10 /17 174 206 95 12 95 20.6 15.3 4.00
B-2 0 £ 15 10 21.1 117 114 10 21.1 13.8 3.98
B-30 /10 12.6 8.3 8.3 126 10.3 1.77
B-40/8 6.8 7.3 11 13 6.8 13 9.2 2.39
B-50 /£ 15 15 13.1 15.8 13.1 15.8 14.7 0.99
B-60/53 2 4 54 81 2 8.1 5.0 1.99
B-70 /118 9.1 35 8.8 35 118 8.3 3.01
B-80/81 37 19.6 10.1 3.7 196 104 5.81
B-90 /15 16,5 6.6 15.8 6.6 165 13.5 4.00
B-10C20.3 8.8 109 12.7 122 88 20.3 13.0 3.90
B-11C134 15 10.7 10.9 10.7 15 125 1.79
B-12(234 87 9.1 124 78 7.8 234 12.3 5.77
B-13C15 5.6 9 10.3 10.6 56 15 10.1 3.03
B-14(C11.8 15 12.1 8.2 82 15 11.8 2.41
B-15C93 13.1 8.7 106 10.2 8.7 131 104 1.51
B-16C15 5.7 9.5 16.2 57 16.2 11.6 4.24
B-17C77 091 87 84 138 7.7 138 9.5 2.18

AVERAGE 11.3
St. Dev. 2.4

The mean dilation angle of discontinuity B is Ida8d the standard deviation is 2.4
In addition, for discontiuity B, number of individual asperities is higher than
discontinuity A, because of the rougher surface of the discontinuity B.

Therefore, it can be stated tHaiscontinuity B represents a high roughness degree.
The difference beteen the dilation angle ahe two discontinuities verifies the
roughness differences of the two samples.

5.4. Roughness Characterization ofhe 3D Models of Discontinuity Surfaces

The $ear behavior of rock discontinuities has been knovinetofluencedby several
factors, among which roughness of the discontinuity surface has major significance.
Quantifying the surface roughness of a rock joint widely accomplished bierthe
standard rock joint profiles presented by Bartand Choubey (1977), each
correponding to a Joint Roughness Coefficient (JRC) value defined in the empirical
shear strengtleriterion described by Barton (1973). Since JRC determination by

standard profiles depends heavily on the subjective visual observation, many attempts
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have been nde to statistically determine JRC value. Tse and Cruden (1979) offered
an empirical relationship (Eqn.1) between the (root mean square of the first
derivative of the profile), and JRC. Ineihstudy, JRC values of the two discontinuity

surfaces are determined by Equat®on
JRC=32.2 + 32.47logZ (Egn. 8)

The3D models of discontinuities are used for obtaining the amplitude values of several
profiles takenalong the direction of sliding. In order to have an accurate transition
from Z> to JRC, number of profiles should be large enough to represent whole of the

discontinuity surface. Workflow of determining ¥alues are given in Figute6.

Step I: Converting 3D
discontinuity models to point

clouds

!

Step Il: Converting point

clouds to TIN surface

Step lll: Converting TIN ©
raster data (DEM)

!

Step IV: Extracting profiles

and amplitude values at

constant intervals on DEM

!

Step V:Z;and JRC

determination

Figure 5.6. Workflow of Zand JRC determination
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Step I: 3D models of discontinuities (STL Files) are converted to point clouds using
MeshLab software which assigns each point X and Y local coordinates and an
elevation value corresponding to Z coordinditee int cloud ofthe Discontinuity A
consists of 1900@oints, whereashe O sconti nuity B&s has

Discontinuity B has a more irregular surface with large elevation differences.

Step II: The point clouds are imported to ArcGIS software. Triangular irregular
networks (TIN) data are createdngs Create TIN tool of ArcGIS (Figurés8-5.10).

The tool connects points to construct a network of triangles to repraséates
morphology (ESRI, 2015 he highest elevation in the TIN and the 3D models are 40

mm, and the size of them are 20 cm x BO(Eigure 5.7)

40 mm

20 cm
Figure5.7. Reference level and size of the TIN and the 3D models

In order to investigate the size effect the large size samples (20 cm x 20 cm) are cut
into four to obtain 1@m x 10 cm foursmall size samples. These samples are named
as B101, B102, B10-3 and B1&4 for Discontinuity B.
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Figure5.8. TIN of Discontinuity A

Legend (mm)
36.7-40
33.4-36.7
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Figure5.9. TIN of Discontinuity B
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B10-1 B10-2 Legend (mm)
36.7-40
334367
30-33.4
26.7-30
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16.7-20
134-16.7
10-134
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B10-3 B10-4
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[ .

Figure5.10. TIN of small size samples of Discontinuity B

Step lll: TheTIN data obtained in Step Il are transformed to raster data using TIN to
Raster tool of ArcGISA linear interpolation method issed to assign elevation values
for cells in raster data. Resulting rasters are used as digital elevation models (DEM)

for idertifying amplitude vales. Digital elevation models dfscontinuities are shown
in Figures5.11-5.13.
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Legend (mm)
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Low: 16.7
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Figure5.11. Digital Elevation Model of Discontinuity A

Legend (mm)
High: 40

Low: 184

40 20 0 Millimeters
[ .

Figure5.12. Digital Elevation Model of Discontinuity B
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B10-1 B10-2

Legend (mm)
High: 40
Low: 184
B10-3 B10-4
40 20 0 Millimeters

.

Figure5.13. DEM of small size sapies of Discontinuity B

Step IV: 11 profiles are extracted along the sliding direction using Stack Profile tool

of ArcGIS. Figures.14 shows the lines used for specifying the profile pathe. ines

start from lower end of the models (0 mm) with 20 mrervals to the upgr end of

the models (200 mm). Theask profile tool provides a table or a graph denoting the

profile of a line over a raster dataset (ESRI, 2015).

Amplitude values along the profiles abtainedat 1.27 mm intervals as proposed by
TseandCruden (1979). Sincthe Stack Profile tooprovideamplitude values at 0.8
mm intervals, linear interpolation is made to obtain amplitude values at required

distances using Matlab.
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Profile

(mm)
__200

Figure5.14. Profile Locations on Digital Elevation Models

Step V: Z>values are calculated using the amplitude values obtained in stépdV.
methodology described by Tse d@diden (1979) is employed2 Zquation in discrete

form, which is used in this analysisgszen in Equatior®.
” r 14 7
W —B () (Eqn 9)

Where M= Number of intervals
Dx= Constant distance between two adjacent amplitude readings
y= Amplitude of the roughness about the centreline

After calculating 2, transition to JRC is completed using Equation 1. Results of the
analysis are given in Tab¥3 andTable5.4.
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Table5.3. Z, and JRC values of Discontinuity #&ndB

Discontinuity A Discontinuity B

Profile Z JRC Z JRC

0 0.077 0.0 0.204 9.80

20 0.089 0.0 0.234 11.72
40 0.105 0.0 0.215 10.55
60 0.105 0.4 0.218 10.73
80 0.111 1.2 0.244 12.33
100 0.299 15.2 0.444 20.00
120 0.129 3.3 0.212 10.30
140 0.118 2.0 0.209 10.16
160 0.132 3.7 0.423 20.00
180 0.117 1.9 0.266 13.53
200 0.146 5.0 0.266 13.50
Mean 0.127 3.0 0.267 12.97
Standard 0.058 4.2 0.081 3.53

Deviation

Table5.4. Z;and JRC values of small size samples of Discontinuity B

B10-1 B10-2
Profile Z2 JRC Z2 JRC
100 0.370 18.28 0.532 20.00
120 0.447 20.00 0.257 13.12
140 0.347 17.39 0.481 20.00
160 0.448 20.00 0.454 20.00
180 0.454 20.00 0.622 20.00
200 0.424 20.00 0.694 20.00
Mean 0.415 19.47 0.507 18.85
Standard 0.041 1.23 0.138 2.57
Deviation
B10-3 B10-4

Profile Z> JRC Z2 JRC
0 0.386 18.87 0.544 20.00
20 0.374 18.43 0.466 20.00
40 0.461 20.00 0.342 17.15
60 0.518 20.00 0.335 16.89
80 0.480 20.00 0.506 20.00
100 0.370 18.28 0.532 20.00
Mean 0.431 19.26 0.454 19.01
Standard 0.058 0.76 0.085 1.14
Deviation
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The mean JRC values for small size sampl&isfontinuity B are 19.47, 18.85, 19.26
and 19.01, respectively. Degree of roughness increases significantly as the sample size

decreases.

5.5. Roughness Characterization othe PLA Moulds and the Concrete Samples
The 3D models are used for obtainitfge PLA moulds and using the PLA moulds,
concrete test samples are produced. Therefloee8D modelsthe PLA moulds and
the concrete test samples are expected to have similaaldes. In order to validate
the applicability of the methodology for replicating test samplesalies othe PLA
moulds andhe concrete test samples are computed and compared wiia tighe
3D models. For tts purposethe 3D models othe PLA moulds andhe concrete test
sampes are produced with close range digital photogrametry usiegsame

methodology described Chapter 4

The dense point clouds obtained as the result of photogrammetric araiggisen

in Figure5.15.

Figure5.15. The denseclouds, (a):The PLA of Discontinuity A, (b):The oncrete
sample oDiscontinuityA, (c): ThePLA of Discontinuity B, (d):;The oncrete sample

of Discontinuity B
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The ense clouds are convertedtbe 3D models (STLfiles). ThentheSTL files are

converted to point clouds in MeshLab and the point clouds are imported to ArcGIS

software where digital elevation models are created and amplitude values for the

selected profiles are exportetdlh e DEM6s for the PLA moul ds an

samples fotheDiscontinuities A and B are givem Figure5.16 and5.17, respectively

Value (mm)
- High :39.9

-- Low : 23.8

Figure5.16. The DEM ofthe Discontinuity A, (a): PLAmould, (b): Concretéest
sample
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Value (mm)
- High - 39.8

Low:213

Figure5.17. The DEMof the Discontinuity B, (a): PLAmould, (b) Concretéest
sample
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The DEMoé6s of smal/l size samples for
PLA moulds and the concrete test samples as given in FBgl8and5.19.

Value (mm)
- High : 39.9

- Low : 23,8

Figure5.18. T h e D @ BLA moulds, (a): B1G61, (b): B10-2, (c): B163, (d):
B10-4
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Value (mm)
- High - 39.8

Low : 213

Figue5.19. T h e D theddnsretd testesnples (a): B101, (b): B1D-2, (c):
B10-3, (d): B104

TheZ; and JRC values for ahePLA moulds andheconcrete test samples are given
in Tables5.5-5.8.
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Table5.5. Z> andJRCvalues of PLAmMoulds ofDiscontinuities AandB

PLA Mould PLA Mould

Discontinuity A Discontinuity B
Profile Z2 JRC Z> JRC
0 0.077 0.0 0.199 9.47
20 0.081 0.0 0.197 9.27
40 0.089 0.0 0.158 6.16
60 0.091 0.0 0.193 9.01
80 0.097 0.0 0.208 10.10
100 0.110 1.03 0.197 9.30
120 0.110 1.07 0.311 15.72
140 0.103 0.17 0.170 7.25
160 0.106 0.56 0.161 6.45
180 0.102 0.0 0.209 10.11
200 0.133 3.78 0.286 14.56
Mean 0.100 0.60 0.208 9.77
Standard 0.015 0.06 0.046 2.86

Deviation
The JRC values of the PLA moulds for fDiscontinuities A and B are, 0.60 and 9.77,

respectively. The JRC values are lower than that of 3D models for both discontinuity
samples.

Table5.6. Z>, andJRC \alues ofconcretesamples oDiscontinuities AandB

Concrete Sample Concrete Sample

Discontinuity A Discontinuity B
Profile Z2 JRC Z2 JRC
0 0.113 1.45 0.199 9.47
20 0.084 0.0 0.196 9.28
40 0.098 0.0 0.158 6.16
60 0.102 0.0 0.193 9.00
80 0.111 1.20 0.208 10.10
100 0.120 2.35 0.197 9.30
120 0.135 3.99 0.356 17.66
140 0.123 2.69 0.170 7.25
160 0.117 1.97 0.161 6.45
180 0.115 1.69 0.208 10.11
200 0.151 5.52 0.286 14.56
Mean 0.115 1.90 0.212 1171
Standard 0.017 1.65 0.056 3.25

Deviation
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The JRC values of the concrete samples fobliseontinuities A and B are, 1.90 and
11.71, respectively. JRC values are higher than that of the PLA moulds and lower than
that of the 3D models.

Table5.7. Z, andJRC values of PLA moulds @fiscontinuities B161, B162, B10
3, B104

PLA Mould Discontinuity PLA Mould

B10-1 Discontinuity B10-2
Profile Z2 JRC Z> JRC
100 0.309 15.76 0.479 20.00
120 0.456 20.00 0.227 11.37
140 0.228 11.42 0.401 19.42
160 0.375 18.48 0.204 9.88
180 0.512 20.00 0.386 18.87
200 0.571 20.00 0.652 20.00
Mean 0.408 17.61 0.391 16.59
Standard 0.118 3.15 0.152 4.26
Deviation

PLA Mould PLA Mould

Discontinuity B10-3 Discontinuity B10-4
Profile Z2 JRC Z> JRC
0 0.267 13.68 0.582 20.00
20 0.284 14.53 0.515 20.00
40 0.363 18.01 0.175 7.73
60 0.542 20.00 0.279 14.32
80 0.441 20.00 0.472 20.00
100 0.309 15.76 0.479 20.00
Mean 0.368 17.00 0.417 17.01
Standard 0.097 2.51 0.142 4.64
Deviation

The JRC values for the PLA moulds®f0-1, B102, B103, B104 are 17.61, 16.59,
17.00 and 17.01, respectively. The JRC values are lower than that of 3D models for all

discontinuity samples.
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Table5.8. Z, andJRC values of concrete sampledadcontinuities B16a1, B10-2,

B10-3, B104

Concrete Sample Concrete Sample

Discontinuity B10-1 Discontinuity B10-2
Profile Z2 JRC Z2 JRC
100 0.309 15.76 0.382 18.66
120 0.443 20.00 0.386 18.66
140 0.228 11.42 0.341 17.09
160 0.375 18.48 0.290 14.86
180 0.512 20.00 0.385 18.87
200 0.482 20.00 0.395 19.02
Mean 0.391 17.61 0.361 17.09
Standard 0.099 3.15 0.036 1.49
Deviation

Concrete Sample Concrete Sample

Discontinuity B10-3 Discontinuity B10-4
Profile Z2 JRC Z> JRC
0 0.267 13.68 0.582 20.00
20 0.284 14.53 0.515 20.00
40 0.363 18.01 0.175 7.73
60 0.542 20.00 0.279 14.32
80 0.441 20.00 0.472 20.00
100 0.309 15.76 0.479 20.00
Mean 0.368 17.00 0.416 17.01
Standard 0.097 2.51 0.142 4.64
Deviation

The JRC values for the concrete samplieB10-1, B102, B103, B104 are 17.61,
17.09, 17.00 and 17.01, respectively. The JRC vdimethe concrete samplege
higher than that othe PLA moulds and lower than that &ie 3D models for all

discontinuity samples.

The Z and the JRC values of tB® models and the concrete samples are significantly
close to each othefor Discontinuity A,Z> value of the concrete sam$e90% of the

3D model and for Bcontinuity B, 2 value of the concrete sample is 80% of the 3D
model . Ther efdihatanethalogydssucaessinleiougt te be applied in
this study, #houghthere is a small amount of loss of the roughness degree in terms

of Z> and JRAnN the concrete samdérom that of the original discontinuity surface
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CHAPTER 6

THE EXPERIMENTAL SETUP

In order to obtain estimates of shear strengtthefock discontinuities, direct shear

tests are conducted. Generally, direct shear tests are conducted with a constant normal
load boundary condition, which is applicable for a broathye of engineering cases.
However, this boundary condition may not be suitable for every prdikeraround

an underground excavation in which normal stress changes as the sliding continuies.
In this case, normal stiffness boundary condition becomese napipropriate. In
constant normal loading conditions, several experiments should be carried out with
different normal stress magnitudes on samples from the same discontinuity to

determingheshear strength (Muralha et al., 2014).

The drect shar testequpments generally include a stiff testing system which allows
shear displacement with a constant rate without distortion, a specimen holder such as
a shear box in which lower and upper blocks are placed, loading devices which apply
normal and shear loads$ an appropriate rate, and devices to measure stresses and
displacements (Figui@ 1) (Muralha et al., 2014).
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Normal loading

system Specimen holder
* /(i,e,. shear box or ring)
7
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Rock sample -

Shear loading
system

Low friction
system

Figure6.1 Arrangement of a direct shear tesfuipmen{Retrieved from Muralha et
al., 2014)

Accurate estimates ttfieshear strength requs@xperimentso be conductedn large
numbers of discontinuity samples. However, obtaining discontinuity samples in the
field is a challenging and costtgsk Also, no two samples have the same surface
characteristic even if they are from the same discoity. Therefore, replicating
discontinuity samples that posséiss same surface morphology has been seen as an
important goal by many researchers in rock mechanics. Replicating discontinuity
samples would make it possible to conduct roughness levebtted direct shear tests
under different normal loads or other variables. Consequehityimpact of the
roughness on thehear strength can Hmetter investigatedRecent technological
developments in 3D printing technology has opened paths for dewglefiicient

methodologies to replicate discontinuity samples.

In this study, concrete discontinuity samples are produced using the 3D printed model
of discontinuities as mould. Then, direct shear tests are conducted on these samples in

theRock Mechanic$éaboratory of Mining Engineering DepartmettMETU.

6.1.The Sample Preparation

The dscontinuity test samples are prepared as concrete blocks which represent the
surfaces of two discontinuity models prepared previously. First ahaP,LA moulds

are used for casting concrete moulds. Because of the fact that surfaces of the PLA
moulds could be damaged with daily concrete casting procedure, they are replaced

with concrete moulds. Since only lower parts of the discontinuities are 3Ddyrinte
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firstly PLA mould are used for casting upper mould. Then upper mould is used for
casting the lower mould which has the same surface with the PLA mould. These
moulds are reasted if the surfaces of the old ones wear, so that roughness levels of
test samles are not affecte@he mncrete mould casting procedumgolves five steps
(Figure6.2). Steps(1): Placinghe PLA moulds in iron boxes and pourititecement

mix, (2): Taking out upper concrete mould, (3): Pladimgupper concrete mould in
theiron box and pouringhe cement mix, (4) Taking out lower concrete mould, (5)

Obtaining the pper andhelower concrete moulds

Figure6.2 Concrete mould casting procedure

In order to cast concrete testamples, cement mix is prepared with the
cement:sand:water ratio of 1:1:0.5 by weight. Particle size of the saBdism.
Moulds are placed in iron boxesgeththe cement is poured. After oday, the test
sample is taken out of the box. In order tegare 1&m x 10 cm samples, concrete
blocks are cut intdour parts. Then, upper and lower parts of a test sample is tied
together with wire. Since the dimensions of the test samplesnf2020 cmand10

cmx 10 cm) are different from the size of the ahbox (30cm x 30 cm), they are

placed in another iron box (20n x 30 cm) to cast an outer frame foetest samples.
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Outer frame for the lower part is casted first and that of the upper part is casted the
following day (Figures.3). After that, test spcimens are left for setting. Total setting
time for test specimenssgverdays. The test samples are also produced with a cement
mix prepared with-1.0 mm sand. However, direct shear tests conducted with these
samples showed residual behavior. In otherds, since the material was so weak, its
peak and residual shear strength values were the same, which generally not observed
for a rocktype material. Therefore, testing samples are prepared with-31@ mm

sand Patrticle size distribution of the sarglnot considered, which may be another
important factor to affect the behavior of the matefitle smple preparation steps

are (1):Placingthe concrete moulds itheiron boxes, (2)Pourinthe cement mix in
theiron boxes, (3)Taking ouhe test specirans fromtheiron boxes, (4) Detaching

the test samples frorthe moulds, (5) Attachinghe upper andhe lower blocks of a
sample together with wire, (6) Preparing@@8x 30 cm iron boxes for casting frame,

(7) Pouringthe cement mix forthe lower frame,(8) Pouringthe cement mix forthe

upper frame.

Preparation of 10 cm x 10 cm test samples starts with casting a 20 cm x 20 cm
speci men as explained previously. Then,
dimensions of 10 cm x 10 cm. Further steps ingtuthe casting of concrete frame

with 30 cm x 30 cm iron boxes (Figure 6.4). Photographs of samples before the
experimens are given in Figures-®.340.The10 cm x 10 cm sample preparation steps

are; (1) Placing concrete moulds in iron boxes, (2) Podin@gement mix in the iron

boxes, (3) Taking out the test specimens and marking, (4) Cutting specimens in four
equal parts, (5) Attaching upper and lower parts of each specimen with wire, (6)
Preparing 30 cm x 30 cm iron boxes for casting concrete franp(ring the cement

mix for the lower frame, (8) Pouring cement mix for the upper frame.
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Figure6.3. Concretesamplecastingprocedure
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Figure6.4. Casting 1@mx 10 cm size specimens
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Figure6.5. A20 sample (Beforghe experiment)

Figure6.6. B20 sample (Beforehe experiment)
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Figure6.7. B10-1 sample (Beforghe experiment)

Figure6.8 B10-2 sample (Befordhe experiment)
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Figure6.9. B10-3 sample (Beforéhe experiment)

B10/4-BEFORE

Figure6.10 B10-4 sample (Beforéhe experiment)
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6.2. Direct Shear Testof the Specimens

The drect shear tests are conductedthe Rock Mechanics Laboratory Mining
Engineering Departmeat METU. Testing equipment has a 8 x 30 cm shear box.
Constant normal load boundary condition is used in all experiments. Shear and normal
displacement values acquired with horizontal and vertical linear variable disgiace
transducers (LVDT). Figuré.11 shows the components of the direct shiest

equipment.

8 (1): Vertical LVDT

(2): Horizontal LVDT

M (3): Normal Loading Pad
(4): Shear Loading Cell
(5): Shear Box

Figure6.11 Direct Shear TedEquipment

The drect shear tests are conducted uriieeconstanhormalload condition andat
threedifferent shearates 0.00100 mm/sec, 0.00075 mm/sec, 0.0006m/sec) with
two discontinuity replicas having two different roughness levels AJRT90, JRG
=11.71).

Moreover, in order to study effect of specimen size, Discontinuity B is divided into
four equal parts (B14d, B10-2, B1G3, B104) and the experiments are repeated for
the small size specimens. Size effect is studied only for the Discontinuity B, since the
size effect is expected to be more prevalent in rougher surfaces. The large size
specimens are called A28&B20, while the small size specimens are named as B10

1, B102, B103, B104, according to length of the specimens. Photographs of all
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specimens after the experiments are given in Appendix A. Table 6.1 presents the list
of the experimentased for testig.

Experiments are conducted with constant normal load condition, since the constant
normal stress condition can not be achieweet tothe limitations of the test
equipment. Normal load levels for testing of 20 cm x 20 cm samples are 60 kN, 48 kN
and 32kN. Normal loads are decreases when testing 10 cm x 10 cm samples, in order
to preserve the constant normal stress range. Normal loads used for testing 10 cm x 10
cm samples are 15 kN, 12 kN and 8 KNbrmal stresses at the beginning of the
experiments aré.5 MPa, 1.2 MPa and 0.8 MPa, respectively. Normal stress levels on
the sample surfaces increase with continuing shear displacement since the surface area
decreases. However, range of the normal stress is small. Therefore, constant normal
stress assumptiocan be madé&lormal stress levels used in this study are in the range

of the normal stresses generally used in previous studies investigating the similar

effects.
Table6.1 Experimentist

Discontinuity Normal Shear Rate JRC Specimen Name

Stress (mm/sec)

(MPa)
A20 1.5 0.00100 1.90 A20-N1.5Vv0.001
A20 1.5 0.00075 1.90 A20-N1.5V0.00075
A20 1.5 0.00050 1.90 A20-N1.5V0.0005
A20 1.2 0.00100 1.90 A20-N1.2-vV0.001
A20 1.2 0.00075 1.90 A20-N1.2-VV0.00075
A20 1.2 0.00050 1.90 A20-N1.2-vV0.0005
A20 0.8 0.00100 1.90 A20-N0.8-vV0.001
A20 0.8 0.00075 1.90 A20-N0.8-vV0.00075
A20 0.8 0.00050 1.90 A20-N0.8-V0.0005
B20 15 0.00100 11.71 B20-N1.5V0.001
B20 15 0.00075 11.71 B20-N1.5V0.00075
B20 15 0.00050 11.71 B20-N1.5V0.0005
B20 1.2 0.00100 11.71 B20-N1.2-vV0.001
B20 1.2 0.00075 11.71 B20-N1.2-vV0.00075
B20 1.2 0.00050 11.71 B20-N1.2-V0.0005
B20 0.8 0.00100 11.71 B20-N0.8-V0.001
B20 0.8 0.00075 11.71 B20-N0.8V0.00075
B20 0.8 0.00050 11.71 B20-N0.8V0.0005
B10-1 1.5 0.00100 17.61 B10-1-N1.5Vv0.001
B10-1 1.5 0.00075 17.61 B10-1-N1.5V0.00075
B10-1 1.5 0.00050 17.61 B10-1-N1.5V0.0005
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Discontinuity

B10-1
B10-1
B10-1
B101
B10-1
B101
B10-2
B10-2
B10-2
B10-2
B10-2
B10-2
B10-2
B10-2
B10-2
B10-3
B10-3
B10-3
B10-3
B10-3
B10-3
B10-3
B10-3
B10-3
B10-4
B10-4
B10-4
B10-4
B10-4
B10-4
B10-4
B10-4
B10-4

Total number of the experiments is.5¥B of the experiments are conducted omr20
x 20 cm samples and 36 of the experiments are conductedamx.00 cm samples.

Co-depandency ofroughness and shegate effects is investigated by evaluating the
test results of A20 and B20 discontinuity samplesd€penéncy of sample size and

shearrate effects is investigated by evaluating the test results of B201BR002,

Normal
Stress
(MPa)
1.2
1.2
1.2
0.8
0.8
0.8
1.5
1.5
1.5
1.2
1.2
1.2
0.8
0.8
0.8
1.5
1.5
1.5
1.2
1.2
1.2
0.8
0.8
0.8
1.5
1.5
1.5
1.2
1.2
1.2
0.8
0.8
0.8

Shear Rate JRC

(mm/sec)

0.00100
0.00075
0.00050
0.00100
0.00075
0.00050
0.00100
0.00075
0.00050
0.00100
0.00075
0.00050
0.00100
0.00075
0.00050
0.00100
0.00075
0.00050
0.00100
0.00075
0.00050
0.00100
0.00075
0.00050
0.00100
0.00075
0.00050
0.00100
0.00075
0.00050
0.00100
0.00075
0.00050

B10-3, B104 dismntinuity samples.
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17.61
17.61
17.61
17.61
17.61
17.61
17.09
17.09
17.09
17.09
17.09
17.09
17.09
17.09
17.09
17.00
17.00
17.00
17.00
17.00
17.00
17.00
17.00
17.00
17.01
17.01
17.01
17.01
17.01
17.01
17.01
17.01
17.01

Specimen Name

B10-1-N1.2-vV0.001
B10-1-N1.2-V0.00075
B10-1-N1.2-V0.0005
B10-1-N0.8-V0.001
B10-1-N0.8-V0.00075
B10-1-N0.8-V0.0005
B10-2-N1.5V0.001
B10-2-N1.5V0.00075
B10-2-N1.5V0.0005
B10-2-N1.2-V0.001
B10-2-N1.2-V0.00075
B10-2-N1.2-V0.0005
B10-2-N0.8-V0.001
B10-2-N0.8-V0.00075
B10-2-N0.8-V0.0005
B10-3-N1.5V0.001
B10-3-N1.5V0.00075
B10-3-N1.5V0.0005
B10-3-N1.2-vV0.001
B10-3-N1.2-V0.00075
B10-3-N1.2-V0.0005
B10-3-N0.8-V0.001
B10-3-N0.8-V0.00075
B10-3-N0.8-V0.0005
B10-4-N1.5V0.001
B10-4-N1.5V0.00075
B10-4-N1.5V0.0005
B10-4-N1.2-V0.001
B10-4-N1.2-V0.00075
B10-4-N1.2-V0.0005
B10-4-N0.8-V0.001
B10-4-N0.8-V0.00075
B10-4-N0.8-V0.0005



6.3. Investigation of Material Properties for the Replicas

In order to determinéhe material properties of the testing material, such as uniaxial
compressive strength, tensile strength,
p oi s s tonudiaxialrcampressive strength test and brazilian test (indirect tensile
strength test) are conducted. To prepare testing matbealement mix is poured in

a bucket and left to setting feevendays. Then, test sample cores are drilled with the
core-drilling machine inthe Rock Mechanics Laboratoryn Mining Engineering
Departmenat METU (Figure6.12).

The dilled cores are sawed to obtain requsees for testing. Figur@ 13 shows the
test samples for uniaxial compressive strength and Brazdit. Properties dfietest

samples are presented in Tabl2

Figure6.12: Coring
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Table6.2 Properties of UCS arBrazilian Test Samples

Uniaxial Compressive Strength Test Samples
Sample Length Diameter ~ Weight (g) Volume Density

Number (mm) (mm) (cm®) (glcn?)
1 131.91 55.01 611.5 313.35 1.95
2 128.47 55.04 593.6 305.51 1.94
3 129.41 55.03 599.6 307.64 1.95
4 131.78 54.94 611.1 312.25 1.96
5 131.29 53.46 568.8 294.55 1.93

Brazilian Test Samples
Sample Length Diameter  Weight (g) Volume Density

Number  (mm) (mm) (cmP) (g/cm?)
1 36.73 55.05 165.7 87.38 1.90
2 36.92 55.01 166.4 87.70 1.90
3 33.14 54.98 148.7 78.64 1.89
4 35.24 54.98 156.5 83.62 1.87
5 35.24 54.89 161.2 84.06 1.92

Average density of the material is 1.92 gicihis value corresponds to a very low

density for a rock material. However, some sedimentary rocks such as shale and

sandstoneare known to exhibit densities in a range as low as 1.€000 g/cnd
(Sharma, 1997).

Figure6.13. Test samples; (A) Uniaxial compressive strength test, (B) Brazagin t

6.3.1. Uniaxial Compressive Strength Tests
The wiaxial compressivestrength(UCS)tests are conducted usiMJT'S stiff testing
device (Figures.14). The samples after testing are shown in Figarks.
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Figure6.15. Specimens after the UCS test
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The est results are presented as axial siresgal strain curves in Figurésl6.

30
25
<
o
S 20
‘%T Sample 1
S 15 Sample 2
)]
T Sample 3
% 10
< Sample 4
5 Sample 5
0
0 0.0025 0.005 0.0075 0.01
Axial Strain
Figure 616. Axial stressaxial strain curves
The wuniaxi al compressive strengths, el astic

determined from UCS tests and the averagdisesfe values are given in Table 6.3.

Table6.3. UCS test esults

Sample UCS (MPa) E (GPa) g
Number

1 25.7 12.5 0.3
2 24.1 12.7 0.29
3 23.5 11.98 0.44
4 25.7 6.6 0.24
5 26.9 11.25 0.35
Average 25.18 11.0 0.32

The averagdJCS of the material is 25.18 MPa which corresponds to a low strength

soft rock such as sandstone or claystone (Kaniji, 20h#) elastic modulus of the
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material is 11.0 GPa which is a value that generally observed in sedimentary rocks
such as sandstonechn si | t st one. The poissonds ratio
high value for rock materials and the value may be observed in some soft rocks such

as sanstone and shale. (Gercek, 2007)

6.3.2.Indirect Tensile Strength Tests (Brazilian Tests)

The lrazilian tests are conducted to determine tensile strength of the material (Figure
6.17). The pecimens after testing are shown in Figaids8. Brazilian est results are
given in Table.4.

Figure6.17. Brazilian test
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Figure6.18. Specimens aftehe Brazilian test

Table6.4; Brazilian Test Results

Sample Number Tensile Strength (MPa)
2.92
3.17
3.05
3.08
3.27
Average 3.10

abhwnN -

The tensile stregth of the material is 3.10 MPa which is a value that usually measured
in soft sedimentary rocks such as sandstone, claystone and shale (Perras and
Diederichs, 2014).

6.3.3.The Joint Wall Compressive Strength(JCS)

The ®mpressive strength of thdiscontinuity surfaces is an important parameter,
especially if the surfaces directly contacts eaclerowith no filling material. Us of
Schmidt Hammer for determining JCS is explained by ISRM (1977). Schmidt Hammer
is applied perpendicularly to discamtity surface (Figuré.19). JCS values of all

samples are determined.
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Figure6.19. Application of SchmidtHammer

Average rebound number is usedhacorrelation chart (Figuré.20). The chart is the
representation of the Equatio firoposed by Mler (1965). ISRM (1977) suggested
to discardfive lowest reading of totaien readings since low readings are generally

caused by loose rock grains or crushing.

logaoy c) = 0.00088R+1.01 (Egn. 10)

where =Unconfined comgessive strength of the surface (MPa)
(x Dry density of rock (kPa)

R= Rebound number

The £hmidt hammer readings and the respective JCS vahbt&sned fromthe
Equation 1@are given in Tablé.5. The lowest half of the readings are discarded from

the @lculation and only the readings used in the calculations are given.
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Figure6.20. Correlation chart foschmidthammer (Retrieved from ISRM, Suggested
Methods for the Quantitative Description of Discontinuities, 1977)
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Table6.5. Joint wallcompressivetsengths(JCS)

Schmidt Hammer Readings (R)
Discontinuity A20 B20 Bl101 B10-2 B10-3 B10-4

23 30 22 21 21 20
20 22 20 22 20 18
22 26 21 21 19 16
18 20 20 21 19 16
18 20 20 21 18 15
16 21 19 19 16 15
16 20 18 20 15 15
16 20 18 20 15 12
14 20 17 18 15 12
14 19
14 18
13 16
13 16

R (mean) 16,7 20,6 19,4 20.3 17,6 154
Density 18.8 18.8 18.8 18.8 18.8 18.8
(kN/m°)

JCS (Mpa) 19.3 224 21.5 22.1 20.0 18.4

The JCS values for A20 and Bafe 19.3 and 22.4 MPa, respectively. This shows that,
JCS is effected by the roughness degree even though the reatktiied surfaces are
the sameThe JCS values for B1D, B102, B10-3 and B1&4 are 21.5, 22.1, 20.0 and
18.4 MPa, respectively. Compagithese values to that of B20 reveals that there is a

small sample size effect on JCS. As the sample size decreases, JCS also decreases.
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CHAPTER 7

RESULTS AND DISCUSSIONS

In this part, firstly, results of the roakiscontinuity sample replication methodology
are analyzed by comparing the values of the 3D wdel, the PLA moulds andhe
concrete test samples. Secondly, results of the direct shear expenwvhéitsare
conducted to investigate the effectsafighnes characteristics fearrate andsizeon

the shear strengthf rock discontinuities and the -etependency of these effects.

7.1.Results of Rock DiscontinuityReplica Production Methodology

In this study,rock discontinuity replica are produced using cklsange digital
photogrammetry and 3D ripting technologies. Firstly, 3D models of rock
discontinuities are obtained with @logrammetric analysis. Th8D madels are
printedout with a 3D pinter, using PLA as the raw material. Then, concrete test
samplesare produced usinfpe 3D pinter outputs as moulds, parameters of the 3D

models, the PLA mulds andhe concrete test samples are calculated.

Z, parameters are compared to each other, in order to validate the success of replicating
surfaces of the disntinuities.Z> parameters of athemodels are given in Tablel
Percemsuccess (%) column representsat percentage of roughness of the 3D models

are replicated in the concrete samples. Figufeshows theevolution Z> values

throughthe samplereproduction process
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Table7.1 Z, parameters ahemodels

Discontinuity 3D PLA Concrete Percent
Model Mould Sample Success
(%)
A20 0.127 0.0999 0.115 90.6
B20 0.267 0.208 0.212 79.4
B10-1 0.415 0.408 0.391 94.2
B10-2 0.507 0.391 0.361 71.2
B10-3 0.431 0.368 0.368 85.4
B104 0.454 0.417 0.416 91.6

According to the comparison of2Zalues of the models, sample reproduction

methodology is the most efficient for planar surfaces and small size samples. For A20,

90% of the 3D model 0s r tosamplesywhsereas for820r epl i cat €
nearly 80% of t he redcatedardtteeltedtsampldésu gntalhes s i s

size samples of the discontinuity B (B10 samples), success rates show significant

variance because of the high roughness levels of these models .

A20
0.5 B20
04 B10-1
o ® B10-2
g _
g o3 —e—B10-3
N
0.2 B10-4
0.1
0
3D Model PLA Mould Test

Sample

Figure7.1 Evolution ofZ; values

Results showed that Xalues araghe lowest for th& LA Moulds, but transition tthe

concrete test samples causes an increasinarZ,, thus the roughness degree
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approaches tthe originalvalue.The siccess of the methodology is more apparent in
less rough surfaces (A20) with.806 success rate. However, as the roughness degree
increases, success of surface replication lose some amount of precision as observed
with B20 discontinuity (9% success rate). Moreover, small size samples of
Discontinuity B showed significant successsurface replication, despite their high
roughness degrees. This shows thatgtheelopednethodology is fairly successful in
replicatingthesmall scale asperities, but it may cause deviations pa&ameter while
replicating large scale undulations. In planar surfaces, the methodology yields

significantly good results.

7.2.Direct Shear Test Results

Direct shear tests are conductedack discontinuity replicawith varying conditions
such as nor@al stress, sheaate, specimen size and roughness characteristics. Total
number of experiments 54. Experimental results are presented in Figur@s/.19

for the samehearates. Figure3.20-7.37shows theeasults for the same sheates.

Moving aveages of the experimental data are used to plot the graphs, mtorde
provide a better represatita of shearing trends. Original plots are given in Appendix
B.
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Shear Displacement (mm)

Figure7.2 Testresults(A20, V=10x10* mm/sec)

85



For A20, at 10x18 mm/sec sheaate shear strength increaswith increasing normal
load.

18
16
14
1.2
———N=1.5MPa

0.8 /\ ——N=1.2 MPa
06 N=0.8 MPa
0.4

0.2

Shear Stress (MPa)
=

0 5 10 15 20 25

Shear Displacement (mm)

Figure7.3. Test esults B20, V=10x10" mm/sec)

For B20, at 10x1® mm/sec sheante, shear strength increases with increasing normal

load.
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Figure7.4. Test esults (A20, V=7.810* mm/sec)

For A20, at 7.5x18 mm/sec shearate, shear strength increases with increasing

normal load.
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Figure7.5. Test esults B20, V=7.5x10* mm/sec)

For B20, at 7.5x10 mm/sec shearate, shear strength increases with increasing

normal load.
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