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SUMMARY

Rock Strength and Defor mability Characterisation and Assessment

for Drilling Perfor mance Estimation

Rock drilling and cutting is essential in the mmimdustry. Rock
characterisation and classification methods haee peoposed to assess drilling
or cutting performance. However, a unique methaelate rock characteristics
to rock cutting performance has not yet been d@eslo This is due to the
complexity of interactions among the variables imed in the drilling process
encompassing not only rock properties, but alsonteire of drilling. Cost-
effective drilling is achievable by allocating taeailable gross energy towards
the drilling action and, at the same time, redugggtematically that energy

consumed in frictional processes inherent to tookiinteractions.

Several attempts have been made to assess diiénfgrmance by
correlating different rock properties with the Lingy rate. For instance, rock
texture, grain size, Unconfined Compressive StlegiCS), Mohs hardness
and rock mass structural parameters, and others hagn used to build a
number of drillability indices. However, not onlpak properties, but also
different sets of drilling parameters and drilliteghniques have an impact on

the drilling performance and efficiency of the pees.

On one hand, to predict rock drilling performanoe @ptimisation of
drilling operation, tool-rock interaction laws, .i.the relations between forces
acting on the tool in contact with rock, are essénfor instance, through tool-
rock interaction laws, it was found that duringamyt drilling, the energy
consumed in pure cutting action of rock is measurgdhe intrinsic specific

energy. In the case of percussive drilling, toakranteractions are focused



mostly in the prediction of the penetration rate #me optimum thrust. On the
other hand, rock failure characterised by rockileness is a concept yet to be
investigated as there is not a unique criteriore abldescribe rock brittleness
quantitatively nor consensus about the most switalpld reliable brittleness

index to apply to different rock engineering wogkscountered in the field.

A new brittleness index upon fracture strain-enegggntities extracted
from the area under complete stress-strain curveol® in uniaxial compressive
tests is proposed herein to study drilling perfamoea by rock brittleness
capacity. This brittleness index takes into accopost-peak instability in
uniaxial compression as post-peak instability akrduring compression can be
treated as a manifestation of rock brittlenesst an increase in the post-peak
energy indicates an increase of stability (i.eeerdase in brittleness or increase
in ductility). In the same manner, a dramatic daseeof post-peak energy
indicates less stability of the failure process.(an increase in brittleness). In
this view, advanced laboratory experiments on gtremnd deformability of
soft-to-hard rock types (UCS is ranging from 7 fico MPa) were carried out.
The compressive tests complied with the applicatiba prescribed constant
lateral strain-rate as a feedback signal to cotibxial load which was found
to be a suitable loading rate to measure the cdampteess-strain response for

the rocks.

The new brittleness index developed herein dess@bmonotonic and
unambiguous scale of brittleness with increasirggg@ak strength parameters
such as crack damage stress and peak stress asswielformation parameters
such as the tangent Young’'s modulus of rock. This@ame becomes relevant
in order to better understand material brittlereesociated with the progressive
fracture process characterised by the typical bHuledsdamage stresses, peak
stress and the elasticity parameters. The briglemsdex scale indicates that a
higher brittleness index means that rock is morgldmhich corresponds to

higher strength rocks.



In order to reliably estimate drilling performandmth tool-rock
interaction laws along with a proper rock brittlsgendex are required to be
implemented. In this study the performance of @lsiiPDC (Polycrystalline
Diamond Compact) cutter cutting and different drdlmethods including PDC
rotary drilling, roller-cone rotary drilling and pmussive drilling were
investigated. To investigate drilling performance rock strength properties,
laboratory PDC cutting tests were performed on-tmftard rocks to obtain
cutting parameters. In addition, results of labamatand field drilling on
different rocks found elsewhere in literature wased. Laboratory and field
cutting and drilling test results were coupled witiues of a new rock brittleness
index proposed herein and developed upon energipdison extracted from the
complete stress-strain curve in uniaxial compressi@ quantify cutting and
drilling performance, the intrinsic specific enengyrotary-cutting action, i.e.
the energy consumed in pure cutting action, antindyipenetration rate values
in percussive action were used. The results shai ttite new energy-based
brittleness index successfully describes the peréoice of the studied cutting

and drilling methods.
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THESISDISSERTATION

Rock mass characterisation and classification teesss drilling
performance have been undertaken previously bymbeu of researchers.
However, a systematic classification method in ttespect has not been
achieved yet. This is due to the complexity of Wagiables involved in the
drilling process which depends not only on a nundbeock properties, but also
on drilling parameters (i.e. the nature of drilling’revious studies on rock
drilling and rock characterisation were found ta take into account the tool-
rock interaction laws to find the more relevantkr@eoperties involved in the
drilling process. In this context, tool-rock intetian laws need to be introduced
to successfully characterise the rock drilling aoptimise the drilling
performance. Furthermore, as not all rock physacel mechanical properties
may be relevant to characterise drilling, a prapek parameter able to represent
the strength and deformability properties of thekron drilling, by rock
brittleness, needs to be defined. In this regamplementing a new rock
brittleness index able to picture either ductil®dwottle failure behaviour of rocks
can serve to evaluate the drilling performanceotdiny and percussive drilling

methods.

Based on the comprehensive literature review ptedenn the
introductory sections of four journal papers puiid as part of this thesis work,
appended herein, it is evident that there is nobraprehensive study on rock
strength and deformability and brittleness char&agon and their relation to
drilling performance within the rock mechanics addlling community.
Therefore, the following are considered researgts gahich are addressed in

this thesis work.
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1) There are few studies on complete stress-strainactaistics of
rocks under uniaxial loading conditions along wittapping the
strain field development of the specimen througlhlbetcompressive

test.

The complete stress-strain characteristics of imtaek, i.e. the pre-
peak and post-peak stress-strain regimes are ntleva the

understanding of the total process of rock defoimnatPioneering
studies on the complete stress-strain behaviouwnais undergoing
guasi-static compression loads suggest that ratkea&lassified into
two categories, i.e. class | where fracture propagas stable, and

class Il where fracture propagation is unstable.

Few studies can be found in the literature dealuiitp post-peak
measurements in the case of rocks following clagehaviour. In
the first place, this limitation is due to the lawkimplementation of
a proper load-control method to respond accorditmhpck class I
behaviour. The complete stress-strain curve foh lotdss | and Il
rocks can be successfully obtained, depending erbtittleness of
the rock, by implementing a closed-loop servo-adted loading
system having the feedback signal to control th@ieg axial load a
prescribed constant lateral-strain rate. This nekthas been by far
the most widely used to investigate the post-pediabiour of quasi-
brittle materials while another method based aneal combination

of stress and strain is also available.

Rock behaviour under axial loading is generallylsd in laboratory
using load-controlled or displacement-controlled mpoessive
loading systems. From here, load-controlled metlvad only
measure pre-peak behaviour. To measure post-pdakviber of
rocks in unconfined and confined conditions, gelhera

displacement-controlled method (i.e. axial-disphaeat or axial-
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strain rate feedback to control axial load) is iempénted in servo-
controlled compressive machines. Nevertheless, latisment-
controlled method is insufficient to measure pastkp regime for
class Il rocks because axial strain no longer nmmoally increases
from the moment rock behave as class Il. As a teflilowing this
method, a critical response of the rock takes plaading to rock
drastic failure. Consequently, post-peak stressrstbehaviour is
masked by a rapid strength reduction at constasplatement
immediately after peak stress. However, this pestkp critical
response may be a manifestation of axial displané@entrol
compliance and not true material behaviour. In tigw,
circumferential or lateral-strain controlled methsdequired mainly
because lateral displacement (or lateral-strain)naotanically
increases after peak stress even if axial displaoéntecreases.

Improper measurement of strains in the post-pegikne can lead to
improper characterisation of the post-peak behawwbduock useful
to quantify post-peak fracture energy and rocktlbriess on the
ground of post-peak instability. Conventional straieasurement of
rock specimen in uniaxial compression includesrggtip external
devices, e.g. Linear Variable Displacement Trane(.VDT) and
direct-contact extensometers or bonded strain gadligéhis respect,
a major drawback using LVDT includes bedding error
measurements. Although free from bedding errorggrsometers
and strain gauge measurements are yet limitefixecgauge length
and specific points of bonding, respectively. Idiidn, they may
not capture entirely strains found in post-peakmeg In this case,
extensometer misalignment and strain gauge danmagie major
issues particularly when progressively growing ksacand
localisation take place in the rock surface. Thaeefaccurate non-

contact strain measurements, via Three-DimensiDigital Image
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2)

Correlation (3D DIC), becomes relevant to studgias in particular

in post-peak regime.

3D DIC method is based on the calculation of s@fdeformation
using a number of digital images from a referencéefiormed and
subsequent deformed states. This technique encepypi®e use of
two digital cameras positioned in the manner thatdurface of the
specimen is viewed from two different angles thedves full-field

three-dimensional shape and displacement measutrenienstudy
post-peak progressive failure behaviour of rockwadl as strain
pattern development on the rock surface, 3D DI@rigpie has not
been implemented yet. Therefore, the application3bf DIC

technigue in rock uniaxial compression is required.

There are few studies on the definition and devalemt of a proper
rock brittleness index from the complete stresahstcharacteristics

by fracture energy dissipation of rocks.

Brittleness refers to deformation that involvesdhatrong material
that fractures and splits rather than staying whelele pliably

deforming. Therefore, rock failure behaviour is idefl by

brittleness. However, rock brittleness is a congepto be developed
as there is not a single and standard criteri@n lgrittleness index)
available to describe failure characteristics dfedent rocks. For
instance, a number of different criteria to aseegeness upon pre-
peak stress-strain characteristics in uniaxial aesgon including
ratios between elastic to plastic strains as welfracture strain-
energy relations in pre-peak regime are found tanbafficient to

describe failure behaviour of rock. In the same mean other
brittleness indices developed based on ratios legtweniaxial

compressive to tensile strength are insufficient.
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3)

Post-peak fracture development characteristicwvamng complex as
post-peak progressive fracture in the rock takeselat different
shear-tensile extent and at different rates. Theeefthe post-peak
stress-strain curve cannot be characterised sitmply single post-
peak stress-strain modulus (i.e. class | charaet@rby a negative
stress-strain post-peak slope and class Il shopositive stress-
strain post-peak slope) but by a combination alall behaviour

at different extent. Therefore, a single stresaustrpost-peak
modulus value may not be an accurate representatitimee whole

post-peak response.

In post-peak regime deformations, conventional llos&rain

measurements by direct-contact extensometers andebostrain
gauges may not capture entirely the strains deeéelap post-peak
regime. In this case, extensometer misalignmentstrain gauge
damage are the major issues. Particularly, thesblgms initiate
when progressively growing cracks and localisatade place in a
specimen. As a result, non-contact strain measurewia three-
dimensional digital image correlation (3D DIC) baees relevant to
measure strains development in the rock surfapestrpeak regime

to study the deformation process.

In summary, there is not any study on rock brigkeshassessment on
the ground of post-peak instability taking into @act fracture
energy dissipation quantities from the completeesstistrain
characteristics in uniaxial compression. In additian unambiguous
brittleness scale against rock strength and defitomgarameters
such as crack damage stress, peak stress and eladiilus, relevant

to represent failure process development has rest developed yet.

There is not a comprehensive study on rock drillpggformance

assessment by a rock brittleness that takes intouat fracture
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energy dissipation quantities from the completeesststrain
characteristics.

A generalised method to relate drilling performanggh rock
strength characteristics has not been developedjyetis due to the
complexity of interactions among the variables iged in the
drilling process encompassing not only rock prapsrtbut also the
nature of drilling. Therefore, not only rock propes, but also
different sets of drilling forces acting on rock wasll as drilling
method all have impacts on the drilling performancehis view, by
coupling relevant drilling parameters with relevemtk properties, a

reliable drilling performance prediction method ¢endeveloped.

On one hand, to predict rock drilling performanoe aptimisation
of drilling operation, tool-rock interaction lawsge. the relations
between forces acting on the tool in contact wittkr are essential.
In this instance, the energy consumed in purergutiction of rock
IS measured by the intrinsic specific energy thaangifies the
maximum drilling efficiency. In the case of perawssdrilling, tool-
rock interactions are focused mostly in the preaiictof the
penetration rate and the optimum thrust. Thereftre, intrinsic
specific energy and penetration rate can be usstutty rotary and
percussive drilling, respectively. On the otherdhamrock brittleness
index sufficient to quantify unambiguously a scatam ductile to
brittle failure for a wide range of rocks (i.e. fincsoft to hard rocks)

Is needed to be implemented.

Previous studies to assess rock brittleness hgveedm number of
different criteria primarily developed upon the qpeak stress-strain
characteristics from uniaxial compression experisierin this

regard, brittleness indices include ratios betwekastic to plastic

strain as well as strain-energy relations. In aoldjtother brittleness
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indices defined upon relations between rock congpresstrength,
UCS, and tensile strength, TS, can be cited. Nehetk, none of this
brittleness indices can describe an unambiguoue stdrittleness

from ductile to brittle failure.

Therefore, in order to predict drilling performansaccessfully,
firstly tool-rock interaction laws should be implented to quantify
drilling. In this respect, it was found that theme very few studies
that consider tool-rock interaction to characteriskilling

performance. Secondly, a proper brittleness indexeqguired to
describe rock failure characteristics in drillings a result, the
present study aims at evaluating drilling perforoehby taking into
account both the drilling response from tool-ronkeraction laws
and by applying a newly developed energy-based hoitkeness
index able to picture rock failure behaviour andsalde an

unambiguous brittleness scale.

On the research gaps presented above, the prdsenvérk addressed

the following three research objectives:

1) To study the complete stress-strain characteristiceocks under

uniaxial loading conditions and strain field deyettent.

In this regard, the complete stress-strain behawabrock in uniaxial
compression was studied through advanced labora¢siing and
experimentation. This was successfully achieveadnyrolling the
applied axial load to the rock specimens with abeek signal based
on monotonically-increased lateral-strain rate inclased-loop
system. The method proposed was efficient in caguhe post-
peak characteristics of soft-to-hard rocks (i.edimentary and
igneous rocks with UCS ranging from 7 to 215 MPPa&)shown later

herein in the appended journal papers, the seleotds sufficed to
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2)

successfully study brittleness and drilling perfarmoe for different
rock types.

The rocks samples used in the present study wiret jmniform and
isotropic in strength. Therefore, repeatability @otsistency of the
testing results were guaranteed. The diametered$plecimens tested
under uniaxial compression was 42 mm that ultinyalietited the
maximum grain size of the specimens tested (iree fo medium
grain size) to satisfy the recommendations by thierhational
Society for Rock Mechanics (ISRM). The capacitytteé available
compressive equipment limited the extent of the eexpent

program.

Non-contact strain measurement via three-dimenbkaigdal image
correlation (3D DIC) becomes relevant to measureairs
development in post-peak regime. This technique imgéemented
to accurately measure rock deformation in pre-pmak post-peak
regimes. Stresses in the rock samples were couptbedhe field of
strains, both axial and shear strains, obtained 3@aDIC that
develops in the rock. Results of this synergy skimat 3D DIC is a
sound method to study the stress-strain charattsrid rocks under

uniaxial compression tests.

To define and develop a proper rock brittlenesexnféfom the
complete stress-strain characteristics by fracturergy dissipation

of rocks under uniaxial compression conditions.

The present study aims to characterise completesssitrain
behaviour of soft-to-hard rocks (UCS is rangingird to 215 MPa)
in uniaxial compression and to define and to dgveldorittleness
index. Rock brittleness is developed upon pre-paak post-peak

stress-strain energy balance to describe unambsacbrittieness

25



3)

scale against rock mechanical parameters, i.e.bottleness against
pre-peak rock strength and deformation parametersiniaxial

compression including crack damage stress, peassséind Young's
modulus. In this sense, the complete stress-sttamacteristics in
uniaxial compression become a fundamental piecef@fmation to

describe the total process of rock deformation amdassess
brittleness based on post-peak failure behavioan-tbntact strain
measurement via 3D DIC technique was implementexttorately

measure rock deformation in pre-peak and post-pegiknes.

To study rock drilling performance assessment byc& brittleness
that takes into account fracture energy dissipajicantities from the

complete stress-strain characteristics in uniacoahpression.

Therefore, in order to predict drilling performansaccessfully,
firstly tool-rock interaction laws should be implented to quantify
drilling. Secondly, a proper brittleness indexeasgjuired to describe
rock failure characteristics in drilling. The prasestudy aims at
evaluating drilling performance by taking into aenb both the
drilling response from tool-rock interaction lawsdaby defining a
new energy-based rock brittleness index that censicbck failure
behaviour which is able to describe an ambiguottfidmress scale
from ductile to brittle.

The performance of two major mechanical drillingthogls, namely
rotary drilling and percussive drilling, are invgstted against rock
brittleness capacity by the new energy-based &mits index. The
intrinsic specific energy and rate of penetratesfwo main drilling

performance parameters, were coupled with rockdmiss.

To validate this proposal, cutting experiments watlsingle PDC

(Polycrystalline Diamond Compact) and uniaxial coesggive tests
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were carried out on different rock types (i.e. fgrained
sedimentary, igneous and metamorphic rocks with WCianging
from 9 to 250 MPa) to quantify the intrinsic speciénergy. The
capacity of the available cutting equipment limited extent of the
experiment program. In addition, independent rothiling as well
as percussive drilling results from laboratory &alil tests (from the

literature) were used.

Impregnated diamond drilling (micro-cutting at depbf cut in the
order of 10 um to 40 um), where quartz contenhenrbck may be
relevant to the drilling process, is out of thevpenw of the present
study so does brittleness index, quartz contentdaiichg process

relation.

Objectives 1 to 3 described above include the padoce of both
analytical and extensive advanced laboratory wank$uding strength and
deformation tests as well as rock cutting testssoft-to-hard rocks (UCS is
ranging from 7 to 250 MPa). The flow chart in Figudrdepicts the methodology
followed up in this research work to complete thgeotives 1 to 3 mentioned
above alongside with the outcomes reflected irptitdished papers.

This PhD thesis was completed by publishing fourpal papers to meet
the proposed research objectives. The papers heam fublished in leading
journals in the Rocks Mechanics community, i.erjals ranked as A+ and A
according to the Excellence of Research for Aust(&RA) assessment in 2010.

The material derived from this research work isodlews (Figure 1):
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‘ Rock Characterisation and Assessmentfor Drilling Performance ‘

l

‘ Experimental and Analytical works ‘

|
! )

Tool-rockinteraction laws implemented Study the complete stress-strain characteristics
to quantify rotary and percussive of rocks under uniaxial loading conditions and
drilling process strain field development
| Objective 1
l l (Paper1)
Percussive drillings: Rotary drillings: Define and develop a properrock brittleness
Literature data - Cutting Lab works index from the complete stress-strain
Literature data characteristics by fracture energy dissipation of
l rocks under uniaxial compression conditions
Asst_as;ment of_ tlhe Objective 2
Assessment of the intrinsic specific (Paper 2)
penetration rate energy
Study rock drilling performance assessmentby a
rock brittleness that takes into account fracture

> energy dissipation quantities from the complete
stress-strain characteristics in uniaxial
compression

Objective 3
(Paper 3 and 4)

Figure 1. Flow chart of the methodology, objectiaes outcomes of the
research

1) To meet the objective 1 of this research work, tcestudy the
complete stress-strain characteristics of rock®undiaxial loading
conditions and strain field development, the follogwas produced
(Munoz et al. 2016b):

Paper 1:

Munoz H, Taheri A, Chanda E (2016) Pre-Peak andtPeak Rock
Strain Characteristics During Uniaxial Compressoign3D Digital

Image CorrelationRock Mechanics and Rock Engineering:1-14

DOI:10.1007/s00603-016-0935-y

ERA: A, Impact Factor: 2.38, Journal with highasphct Factor in

Rock Mechanics journals.
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2)

3)

To meet the objective 2 of this research work, tioedefine and
develop a proper rock brittleness index from thenglete stress-
strain characteristics by fracture energy dissgmatf rocks under
uniaxial compression conditions, the following wasoduced
(Munoz et al. 2016a):

Paper 2:

Munoz H, Taheri A, Chanda E (2016) Fracture endrased
brittleness index development and brittleness dfication by pre-
peak strength parameters in rock uniaxial compoassiRock
Mechanics and Rock Engineering DOI: 10.1007/s00603-016-1071-4

ERA: A, Impact Factor: 2.38. Journal with highasphct Factor in
Rock Mechanics journals.

To meet the objective 3 of this research work, ticestudy rock
drilling performance assessment by a rock britdsrt@at takes into
account fracture energy dissipation quantities fribea complete
stress-strain characteristics in uniaxial compoessthe following
were published (Munoz et al. 2016d; Munoz et al.6¥):

Paper 3:

Munoz H, Taheri A, Chanda E (2016) Rock Cutting @bteristics
on Soft-to-Hard Rocks under Different Cutter Inaklions.
International Journal of Rock Mechanics and Mining Sciences. 85-

89 DOI:10.1016/j.ijrmms.2016.05.014

ERA: A*, Impact Factor: 1.69. Journal of Internaiab Society of
Rock Mechanics (ISRM).
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Paper 4.

Munoz H, Taheri A, Chanda EK (2016) Rock Drillingrformance
Evaluation by an Energy Dissipation Based RocktlBriess Index.
Rock Mechanics and Rock Engineering: 1-13 DOI:10.1007/s00603-
016-0986-0

ERA: A, Impact Factor: 2.38. Journal with highasphct Factor in

Rock Mechanics journals.

These papers were developed in strict sequental @s mention above.
That is, firstly, in Paper 1 (Munoz et al. 2016)hew method is developed to
study the complete stress-strain characteristiaeads under uniaxial loading
conditions and the strain field. Secondly, aftelidading the work in Paper 1,
Paper 2 (Munoz et al. 2016a) was produced on theloj@ment of an energy-
based rock brittleness index from the completesststrain characteristics of
rocks under uniaxial compression conditions. Subsetly, after validating the
work in Paper 2, two papers referred to as Pap@uoz et al. 2016d) and
Paper 4 (Munoz et al. 2016e) were produced on\hriation of rock drilling

performance by a the proposed fracture energy-bastiéness index.

In addition, it is noteworthy to mention that tresults of this research
has been delivered in a world-wide high standanmfexences (Munoz et al.
2015; Munoz et al. 2016c¢; Munoz et al. 2016f; Muebal. 2014) through the

following conference papers titles:

1) Munoz H, Taheri A, Chanda E (2016) Rock Brittlen€apacity
upon Compressive Fracture Energy Dissipation toessPrilling
Efficiency. 50th US Rock Mechanics/Geomechanics Symposium.
ARMA 2016-2429, 16p

2) Munoz H, Taheri A, Chanda E (2016) Strain Locaimat
Characteristics in Sandstone during Uniaxial Corsgicen by 3D
Digital Image Correlation.SRM International Symposium EUROCK
2016 1:356-362
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3) Munoz H, Taheri A, Chanda E (2015) Experiment Assemnt of
Rock-Cutting Characteristics by Strength-and-FractDriven
Mechanisms. Africa Australia Technical Mining Conference
AusIMM 1:133-137

4) Munoz H, Taheri A, Chanda E, Xu C, Grant D, FrahE® (2014)
Strain Rock Energy Approach to The OptimisatiodRotk Drilling
ProcessesSeventh International Conference on Deep and High

Sress Mining. Australian Centre for Geomechanics 1:513-524
CONCLUSIONS

The following general conclusion can be drawn ftbmpresent research
work. Firstly, a non-contact optical method foragtr measurement applying
three-dimensional digital image correlation (3D PIi@ uniaxial compression
was presented. Observations showed that, by 3Dt&ikhique relatively large
strains developed in the post-peak regime, in @dgr within localised zones,
difficult to capture by bonded strain gauges, cam measured in a
straightforward manner. Field strain developmenherock samples suggested
that strain localisation takes place progressieglg develops at a lower rate in
pre-peak regime. It is accelerated, otherwise,ast{peak regime associated
with the increasing rate of strength degradation.

Secondly, new brittleness indices were developexkdan fracture
strain-energy quantities obtained from the compd#tess-strain characteristics
of rocks. In doing so, different rocks (UCS valuasging from 7 to 215 MPa)
were examined in a series of quasi-static uniag@hpression tests after
properly implementing lateral-strain control in l@sed-loop system to apply
axial load to rock specimen. This testing method essential to capture post-
peak regime of the rocks since a combination afcldl or class Il behaviour
featured post-peak stress-strain behaviour. Fuidnatysis on the post-peak
strain localisation, stress-strain characteristicd the fracture pattern causing
class I-Il and class Il behaviour were undertakgarfalysing the development

of field of strains in the rocks via three-dimemabdigital image correlation
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(3D DIC). Analyses of the experimental results destated that brittleness
indices proposed solely based on pre-peak stress-$tehaviour do not show
strong correlation with any of the pre-peak rockchamical parameters,
otherwise they seemed to collapse in a single vaespective of rock

mechanical properties. On the other hand, the @expbrittleness indices based
on pre-peak and post-peak stress-strain relatiagre Wound to competently
describe an unambiguous brittleness scale agaicisstrength and deformation
parameters such as crack damage stress, peak atrdsslastic Young’s

modulus, relevant to represent failure process.

Finally, in order to reliably estimate drilling germance both tool-rock
interaction laws along with a proper rock brittlsaavere implemented. In this
study the performance of a single PDC (Polycryisi&alDiamond Compact)
cutter cutting and different drilling methods inding PDC rotary drilling,
roller-cone rotary drilling and percussive drillimgere investigated against rock
brittleness capacity. To investigate drilling penfi@nce by rock strength
properties, laboratory PDC (Polycrystalline Diamo@idmpact) cutting tests
were performed on different rocks (UCS values nagdrom 9 to 250 MPa) to
obtain cutting parameters and quantify the intdrsgiecific energy. In addition,
results of laboratory and field drilling on differterocks found elsewhere in
literature were used. Laboratory and field cuttamgl drilling test results were
coupled with values of a new rock brittleness ingewposed herein and
developed based on energy dissipation withdrawm ftbe complete stress-
strain curve in uniaxial compression. To quantifyttieg and drilling
performance, the intrinsic specific energy in rgtantting action, i.e. the energy
consumed in pure cutting action, and drilling pest&in rate values in
percussive action were used. The results show ttieatnew energy-based
brittleness index successfully describes the perdoice of the studied cutting

and drilling methods.
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ABSTRACT

A non-contact optical method for strain measurenagylying three-
dimensional digital image correlation (3D DIC) imiaxial compression is
presented. A series of monotonic uniaxial compogsgests under quasi-static
loading conditions on Hawkesbury sandstone spedmesre conducted. A
prescribed constant lateral-strain rate to comtbhpplied axial load in a closed-
loop system allowed capturing the complete strassasbehaviour of the rock,
i.e. the pre-peak and post-peak stress-strain e=giBD DIC uses two-digital

cameras to acquire images of the undeformed armirdetl shape of an object
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to perform image analysis and provides deformadioth motion measurements.
Observations showed that, 3D DIC provides straies from bedding error in
contrast to strains from LVDT. Erroneous measurdmdue to the compliance
of the compressive machine are also eliminatedthEtmore, by 3D DIC
technique relatively large strains developed inpbst-peak regime, in particular
within localised zones, difficult to capture by led strain gauges, can be

measured in a straight forward manner.

Field of strains and eventual strain localisatiornhe rock surface were
analysed by 3D DIC method, coupled with the respeditress levels in the
rock. Field strain development in the rock samgbesh in axial and shear strain
domains suggested that strain localisation takexeplprogressively and
develops at a lower rate in pre-peak regime.dtcielerated, otherwise, in post-
peak regime associated with the increasing ratstrehgth degradation. The
results show that a major failure plane, due taistfocalisation, becomes
noticeable only long after the peak stress tookeldn addition, post-peak
stress-strain behaviour, was observed to be eaitreeform of localised strain in

a shearing zone or inelastic unloading outsidéefshearing zone.
KEYWORDS

Uniaxial compression test, post-peak behaviourirsttocalisation,

digital image correlation
INTRODUCTION

The mechanical properties of intact rock extra¢tedh the stress-strain
curve in uniaxial compression tests have majoricagbns on civil engineering
projects, mining engineering and mineral exploratielated operations. In this
sense, the complete stress-strain characteridticgaat rock, i.e. the pre-peak
and post-peak stress-strain regimes are relevdheéianderstanding of the total
process of rock deformation (Fairhurst and Huds@®91 Hashiba et al. 2006;
He et al. 1990; Hudson et al. 1971; Okubo and Nislsu 1985; Vasconcelos
et al. 2009; Wawersik and Brace 1971; Wawersik &airhurst 1970).
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Pioneering studies on the complete stress-strdiavieur of rocks undergoing
guasi-static compression loads (Hudson et al. 1Rédfimel and Fairhurst 1970;
Wawersik and Brace 1971; Wawersik and FairhursD)18idggest that rock can
be classified into two categories as shown in Fgul (Hudson et al. 1971), i.e.
class | where fracture propagation is stable, aladscll where fracture

propagation is unstable. The complete stress-strawve for both class | and I
rocks can be successfully obtained, depending @btittieness of the rock, by
implementing a closed-loop servo-controlled loadisgstem having the

feedback signal to control the applied axial logor@scribed constant lateral-
strain rate (Hudson et al. 1971). This method teenlby far the most widely
used to investigate the post-peak behaviour ofiduéte materials (Amann et

al. 2011; Daniel C. Jansen and Edwin 1995; Faittaurd Hudson 1999; Hudson
et al. 1971; Vasconcelos et al. 2009); the othethatkis based on a linear
combination of stress and strain (He et al. 1990 and Nishimatsu 1985;
Okubo et al. 1990).

The compressive loading process of quasi-brittleenels, such as rock
and concrete, leads to localisation of macro cradkesn peak stress is attained
(Jansen and Shah 1997; Markeset and Hillerborg )19®&cording to the
compressive damage zone (CDZ) crack model (Markas®Hillerborg 1995),
failure of quasi-brittle materials, takes placehiita damage zone, limited by
the length of the damage zohgas shown in Figure 1.2. In this framework, the
stress-strain curve (in the region before pealssjrdescribes the compressive
behaviour of the material in the whole specimermbdiately after peak stress
Is reached and strain localisation takes placeadhg happens in the material
outside of the damage zone (see Figure 1.2). &régime, the post-peak curve
describes the deformation at the damage zone, vemobmpasses deformations
associated with the formation and coalescencestrfilolited longitudinal cracks
and deformations at localised zone.

Improper measurement of strains in the post-pegkme can lead to
improper characterisation of the post-peak behawbuock useful to quantify

post-peak fracture energy (Bazant 1989; JanserShat 1997; Markeset and
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Hillerborg 1995) and rock brittleness on the growidpost-peak instability

(Tarasov and Potvin 2013). Conventional strain miesasent of rock specimen
in uniaxial compression includes setting up extemevices, e.g. Linear

Variable Displacement Transducers (LVDT) and di@mttact extensometers
or strain gauges. In this respect, a major drawhastg LVDT includes bedding

error measurements (Taheri and Tani 2008). Althdteghfrom bedding errors,

extensometers and strain gauge measurements dimiyed to a fixed gauge

length and specific points of bonding, respectivétyaddition, they may not

capture entirely strains found in post-peak regiimethis case, extensometer
misalignment and strain gauge damage are the nsgjoes particularly when

progressively growing cracks and localisation takace in the rock surface.
Therefore, accurate non-contact strain measuregmerasthree-dimensional

digital image correlation (3D DIC), becomes relevan study strains in

particular in post-peak regime.

Digital image correlation (DIC) refers to the clasé non-contact
methods that acquire images of an object, storggesan digital form and
perform image analysis to extract full-field shapeformation and motion
measurements (Sutton et al. 2009). Two-dimensi(#ia) DIC technique was
the foundation of early applications of DIC in tbteess-strain characterisation
of a wide variety of materials including polymenrsetals, wood, composites,
asphalt, ceramics, soils, concrete, rock, and b fio specimens assumed to be
nominally planar and deforming within the objecam (Sutton et al. 2009).
Since 2D DIC requires predominantly in-plane disptaents and strains,
relatively small out-of-plane motions introduceagsrin the measurement of in-
plane displacements. Furthermore, it is impractioahpply 2D DIC to rock
cylinders in uniaxial compression. In essence, 3D Eblves the limitations of
2D DIC. 3D DIC method is based on the calculatibrswarface deformation
using a number of digital images from a referencgefiormed and subsequent
deformed states (Chu et al. 1985; Sutton et al.9R00his technique
encompasses the use of two digital cameras posdionthe manner that the
surface of the specimen is viewed from two diff¢@mgles that allows full-field
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three-dimensional shape and displacement measuterB8&nDIC has been used
to study deformation of different materials, eldeinz and Wiggins 2010). To
study post-peak failure behaviour of rock mate@al,DIC technique, however,

has not been implemented yet.

This research focusses on the application of 3D @kBnique in rock
uniaxial compression. In this research, the corpdétess-strain behaviour of
Hawkesbury sandstone in uniaxial compression watiesi through laboratory
testing and experimentation. Controlling the applaxial load to the rock
specimens with a feedback signal based on monatibniacreased lateral-
strain rate in a closed-loop system was efficiencapturing the post-peak
characteristics of the rock. Stresses in the reckpdes were coupled with the
field of strains, both axial and shear strainsawted via 3D DIC that develops
in the rock. Results of this synergy show that 30 3 a sound method to study
the stress-strain characteristics of rocks undeial compression tests.

EXPERIMENTAL STUDY

ROCK TYPE AND CORE PREPARATION

Hawkesbury sandstone was used in the experimemtsrdck is an early
Middle Triassic (Anisian) formation widely exposead the Sydney Basin in
Australia (Brian R. Rust and Jones 1987). The q@sents inherent bedding
planes due to its natural sedimentary formationin@sical specimens were
retrieved from coring rock blocks in a way that thexlding plane orientation,
defined as the angle between the bedding plandhentorizontal, was about
30°-40° in the cores tested here.

The diameter of specimens was 42 mm and their asptge (i.e. length
to diameter ratio) was maintained at 2.4. A visuapection shows that
specimen diameter was more than 20 times bigger tih@ rock grains size
satisfying the recommendations by the Internati@ualiety for Rock Mechanics
(ISRM) (Bieniawski and Bernede 1979; Fairhurst &haison 1999). The end

faces and sides of the specimen were prepared Brandtstraight according to
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the ISRM standard (Fairhurst and Hudson 1999; ISRBIL). The rock samples
correspond to fine-grain size rock having a densiit.20 g/cr.

In total five rock samples were examined. In fotithem, strains were
measured by 3D DIC method. On the other hand, & sample strains were
measured by bonded strain gauges. Table 1.1 histmnechanical properties of
Hawkesbury sandstone, including the uniaxial cosgwe strength (UCS),
Young's modulus k), Poisson’s ratiou) and the ratio of threshold stresses for
fracture damage in the pre-peak regime. The UQBeofock is 33.5 MPa, while
E, is about 10.1 GPa.

SPECKLE PATTERN PREPARATION

3D DIC method relies on a contrasting random texas speckle pattern
in the surface of the specimen (Sutton et al. 2008¢ pattern used in digital
image correlation adheres to the surface of theablp study and it deforms as
the surface does, therefore no loss of correlatioours even under large
translations and deformations the object may erped. Although some
materials such as wood or concrete may displaynberent speckle pattern, a
hand-made speckle pattern is usually needed fanaptmeasurement (Dautriat
et al. 2011; Sutton et al. 2009). The latter was tlase for Hawkesbury
sandstone. So, a speckle pattern was thoroughbtecteby firstly spraying
ordinary white paint on the rock surface in oraentake a solid white basecoat
and then spray-tarnishing black paint which cre&edk speckles (Heinz and
Wiggins 2010; Song et al. 2013; Yang et al. 2015). achieve effective
correlation, the speckle pattern was non-repetitsaropic and high in contrast,
I.e. random pattern exhibiting no bias to an oagah and showing dark blacks
and bright whites, adequate in size for high-strasolution. By doing so, very
sensitive defocus was avoided (Sutton et al. 200®ypical speckle pattern on

Hawkesbury sandstone is shown in Figure 1.3.

ROCK INSTRUMENTATION
The rock specimens having speckle pattern weregums&nted by a

direct-contact lateral extensometer placed aloegpérimeter and mounted at
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mid-length of the rock specimens so that end-edggidn effects were
eliminated (Hawkes and Mellor 1970). The laterdkeasometer type used was
632.12F20-series manufactured by MTS Systems Caepisted in Figure 1.3,
was used to record lateral straiag,

Additionally, a rock specimen without speckle patte/as instrumented
by six strain gauges orientated in the axial dioecto measure the respective
axial straing,. Strain gauges, either types KFG-30-120-C1 (30 gauge
length) or KFG-10-120-C1 (10 mm gauge length) maatufred by Tokyo Sokki
Kenkyujo Co., were used. The strain gauges weredxbm different locations
in each quarter on the lateral surface of the s@rkple as shown in Figure 1.4
(letters A, B, C, D, E and F refer to the straingmlocation). This arrangement
was made to capture strains in different rock liocato later collate them with
those obtained by the 3D DIC measurement. Sinol&0 DIC method, strains
measured by strain gauges are free from beddimgseim contrast to LVDTs

readings.

LOADING SET-UP AND TESTING METHOD

The rock specimens were subjected to a quasi-staticotonic axial
loading by a closed-loop servo-controlled hydragbenpressive machine stiff
enough to not allow the elastic energy to accurautathe machine (i.e. Instron-
1342 model manufactured by Instron Inc). The tgstimachine has a loading
capacity of 250 kN. The closed-loop control systenfully digital and it is
capable and flexible to operate loading control exndither axial-load rate
control, axial-strain rate control or lateral-straate control feedback signal
using an in-built computer system. Applying unifoload to sample was
ensured in all the tests. This is critical to avpidmature specimen failure due

to machine platen or specimen surface misalignment.

In this study, the applied axial load was contille a way keeping
lateral strain-rate constant by the lateral extereter. The electronics and
computer program allows the hydraulic system tadjested continuously and

automatically to ensure load to response accorgiwgh feedback signal and
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damage extent to the specimen. A closed loop sssatrolled load system
having the axial-strain rate feedback signal, ptedi sufficiently low rate and
monotonic strain increase, can only capture poakpeehaviour if rock
obviously follows class | behaviour (Rummel andrFaist 1970). This loading
arrangement, however, cannot capture post-peak/ioemaf most of strong and
medium-strong rocks which generally follow classibde or a combination of

class | and class Il behaviour (Hudson et al. 1971)

Figure 1.5a shows the time history of loadifg, (axial strain €,), and
lateral strain£;) in a typical test carried out herein. At a regiapproaching to
the peak stress, where load-lateral strain cureefFte;, becomes less steep,
axial-strain ratede, /dt) decreases significantly so loading ralé& (dt) does.
During axial loading, the lateral stragpis increased monotonically and linearly
with time producing a constant lateral-strain r#teoughout the test, i.e.
de;, /dt = 0.02x10%s in Figure 1.5b. From this figure, it can be aled that
the axial-strain rate fluctuates frade, /dt =0.17x10* decreasing fast to about
5x107/s at the peak stress and then fluctuating to rfabes about 1x16/s -
2x10%s satisfying static to quasi-static loading coiodi$ in uniaxial
compression tests for quasi-brittle materials (Hundst al. 1971; P. H. Bischoff
and Perry 1991; Wawersik and Brace 1971; Wawenstk Fairhurst 1970). In
the same manner, the loading rate fluctuates fadiydt =1.7x10' kN/s to
about 1x10 - 1x10% kN/s at peak stress and thereafter, experienaiteg up to
0.02 kN/s.

Axial load (by a load cell), axial strain (by batnain gauges and external
LVDTs) and lateral strain (by a ring extensometeg)ues were acquired
continuously by a data acquisition system at a @&t data points per second.
Digital images taken automatically by the digitadinteras were recorded
simultaneously pairing the applied axial load witle respective instant image

by an analog data recording.
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3D DIGITAL IMAGE CORRELATION METHOD

The principle of 3D computer rests on recoverirgttiree-dimensional
position by recording simultaneous image pointagisivo cameras (C and C’),
as shown schematically in Figure 1.6 (Sutton e2@0D9). For instance, two 3D
points Q and R on the same projective ray (C, p)atestrate that there exists an
infinity of 3D points that correspond to the imgga@nt p. On the other hand, if
two image points are (p, q'), then the unique 3ipoorrespond to Q. Similarly,

image points (p, r’') correspond to a unique 3D pBin

Then, the sensor positions for a common 3D pidinthe scaled sensor
location in the left cameraii, and the corresponding scaled sensor location in
right cameraji’, are related directly related through transfororatnatrices
([K], [T]) to transforms vectors in the world coandte system, into the pinhole

system located in the left and right camera by
m = [K] « [T] « { M}
it = [K']« [T'] « {M} 1)

The matrices [K] and [T] (or [} and [T]) take into account elementary
transformations of the pinhole camera model anda$sociated coordinate
systems based on pure perspective projection ctsioepa coordinate point. The
first transformation relates the world coordinaystem of a scene point to
coordinates in the camera system which requireatioot and translation
operations associated to [T] (or T A second and subsequent transformations
are the projection of this point onto the imagerdomate system (retinal plane)
to later transform this point into the sensor cowate system (pixel units) both
associated to [K] (or [K).

3D DIGITAL IMAGE CORRELATION SET UP AND

MEASUREMENT

3D DIC method is based on the calculation of s@rf@eformation of an
object by using a number of digital images frometerence undeformed and

subsequent deformed states. This technique enceegastting up two digital
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cameras pointing at the specimen from two differ@mgles and capturing a
series of grey-scale images of the surface patierrthis manner, a three-

dimensional measurement of the specimen shapeispldabments is created.

As it is shown in Figure 1.3, during test the camsepositioned on the
left and right sides, were symmetrically focusingrock specimen to capture
digital grey-scale images. The cameras consistedwof high-resolution
monochrome stereo cameras (i.e. Fujinon HF75SA-1,.8//5mm, 5
Megapixels resolution) deemed suitable for quastiestoad testing. Continuous
and uniform illumination across the entire rock @pen was provided by a
conveniently adjusted goose-neck halogen lighhtuee adequate contrast with

minimal rock heating.

The images were captured by Vic-Snap software (med by
Correlated Solutions Inc.) using an exposure tim&dms. For quasi-static
loading conditions, the primary function of the egpre time is to reduce the
required object illumination for adequate imagetcast (Sutton et al. 2009).
Prior to the compression tests, each camera wastalibrated using a 30-mm
standard target having uniformly spaced markerbb@éion of the cameras was
done by taking at least 30 image pairs at the icdldn target. To do so, as it is
shown in Figure 1.7a, the calibration target wasitmmed and orientated
differently, i.e. tilted and rotated, in and outpdéine, close to the speckled rock

specimen.

Typical image pairs obtained by the left and rigiale cameras during
calibration are shown in Figure 1.7a. The total gesm acquired during
calibration were computed and analysed by VIC-3insoe. VIC-3D software
has been used effectively in a number of DIC maltéesting, e.g. (Sutton et al.
2009). Stereo calibration results produced a standaviation of residuals of
0.020 (in pixels), in general for all the testsislValue represents the difference
between the position where a target point was fownthe image and the
theoretical position where the mathematical calibramodel places the point.

The value 0.020 suggests that the calibration efdaimeras is adequate for
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measurements (Sutton et al. 2009). Therefore, dheea set up was ready for

starting the compressive test.

During the loading tests, the digital cameras vpeogrammed to capture
the images automatically at a frame rate of a pgcach 0.5 seconds, from the
start of loading for during the first 30 minutesdathereafter a picture each 5
seconds until the end of the tests. This framereselts suitable to capture and
store a large number of images for further analysishis manner, digital data
file size and subsequent computation time weremiggd. Digital images were

stored for post-test processing and analysis.

Data acquisition systems of Vic-Snap and Instrof21®ere connected
via an analog data recording and instantaneous aeformation, lateral
deformation, applied load and instantaneous paagas were synchronously
acquired. A one-to-one correspondence between |aofiprmation and
respective digital images during the compressiastallowed assigning a

specific image to a specific stress to study stil@velopment with stresses.

Deformation field study was concentrated within artipn of the
specimen in each image (i.e. the area of inteassshown in Figure 1.7b. VIC-
3D software (produced by Correlated Solutions Im@$ used for the analysis.
This software implements image processing algosthor tracking surface
coordinates and deformation from image to image.deformation and strain
analysis, a start image, when the axial load waspplied yet to the rock, was
selected. The start image provides a referenc¥fofr3D software to recreate
the deformation field on subsequent images. Upomptetion of image
processing, the field of strains of the specimeriase was obtained. Strain
measurement accuracy by computing confidence nmargats values in the
order of 0.03x10.
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TEST RESULTSAND DISCUSSION

ROCK STRESS-STRAIN CHARACTERISTICS

Figure 1.4 shows a shear failure plane orientediiaB6°-40° formed
after the end of the compressive loading. As itloarseen in Figure 1.4, shear
failure plane is not affected by any bedding plartee inherent bedding planes
represent the texture of the sandstone rock rétlaersome weak planes which
control shear failure. Previous studies on sand@stwave shown the bedding
plane upon UCS relation is complex and not uniqug, a W or U shape
variation of UCS as the bedding orientation is@ased from 0° to 90° (Al-Harthi
1998), a monotonic decrease in UCS with increasiiegbedding orientation
(Gatelier et al. 2002), etc. In this study, all #aamples were cores in the same
direction; therefore, effect of anisotropic propest if any, was eliminated.
Results of UCS tests on five specimens which aog&vshn Table 1.1 confirm
this statement.

Figure 1.8, Figure 1.9 and Figure 1.10 show thectjpstress-strain
curves for Hawkesbury sandstone. In these figuseess-strain relations are
given in terms of the axial streg@nd respective axial straip and lateral strain
;.. In the pre-peak regime, the characteristics Hulelsstresses for fracture
damage of rock associated with crack closyggg)( crack initiation §.;), crack
damage q.,) and peak stresgf.q), were identified from the typical stress-

strain curves. The following expressions were (d&attin and Chandler 1994):

Epol = €4 T+ 2¢,, (2)
1-2

8501 = Tvq (3)

8501 = &pol — gSol (4)

Where ¢,,,; is the volumetric strain, anef,, and¢;,, are the elastic
volumetric strain and the crack-induced volumedtrain, respectively, is the
average axial strain obtained by strain gauggess the lateral strain from the

lateral extensometer.
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The initial region of the stress-strain curve bolnyd;.. represents the
stress level where closure of existing micro craokbe rock takes place. Once
the existing cracks are closed, the rock is assumdxthave elastic until the
onset of dilation ag.;. Cracking associated with axial stresses sligiitiyveq,;
does not result in reduced rock strength (Martid &handler 1994)q.,
represents the onset of unstable crack growth ctearsed by significant
structural changes to the rock (Hallbauer et al.3)9while g,.q, marks the

onset of the post-peak behaviour.

Figure 1.10 shows the location of the thresholéssis for fracture
damage in a typical stress-strain curve of Hawkesbandstone. It was found
that, on average,.. takes place at a stress of G329, andq,; andq.4 occur
at 0.52y,¢qx and 0.67¢q,q respectively .Young's modulusH) and Poisson’s
ratio () for the rock were extracted from the linear-etagortion of the stress-
strain curves limited by.. andg.; with respective valuegq/de, and—e¢; /&,.

In general, it was observed that the tangent madofiuhe rock is at its highest
value at relatively low axial strains and subsedyernhe tangent modulus
decreases progressively as the rock is reachingodad stress. Table 1.1

summarises the threshold stresses of the testkdanaples.

It was observed that after the peak strggs,f) took place, progressive
drop of stress was followed associated with thgassive strength degradation
of the rock. The respective post-peak stress-stcairve of Hawkesbury
sandstone was characterised by both class Mie.dq/de, < 0) and class Il
rock (i.e.M > 0) if post-peak behaviour is classified similar ta¥érsik and
Fairhurst (Wawersik and Fairhurst 1970) (see Fidufg. That is, a negative
post-peak slope immediately after the onset of madss and then a positive
post-peak slope taking place at a stage wheredimpressive stress was about
0.7qpear - 0.8peqar UP until the end of the test where residual stvess close

to zero.

Hawkesbury sandstone show no sign of perceptibl@maacking
detected in pre-peak regime. This evidence is sghported by the field of
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strains in the rock surface obtained by 3D DIC lasws later. Localisation
occurred in the post-peak regime in the form ofredpminant single shear-

failure plane.

POST-PEAK STRAIN MEASUREMENT METHOD

Figure 1.8a and Figure 1.8b compare the stressrstuaves generated
from three different methods for axial and latestahin measurements. That is,
the axial strain by the vertical displacement @& thachine platen, the average
readings of a couple of LVDTSs, and by a virtualesdometer EO (extracted from
3D DIC analysis) located vertically along the ragmple, as shown in Figure
1.7b. In lateral strain, strains from the chaineesbmeter strain and virtual
extensometer E5 and E6 located horizontally inrtdok sample, as shown in

Figure 1.7b, are compared.

Figure 1.8a suggests that strains from 3D DIC teglenare independent
and free from bedding error, in contrast to LVDTasts, and free from any
apparent additional strain due to machine displatgsncompliance. In fact,
strains from 3D DIC measures only the actual std@fiormations of the
specimen under compression. Previous researchasitamnial testing using DIC
technique on rocks (Nguyen et al. 2011; Song &Ml3; Zhang et al. 2012) and
polymers (Heinz and Wiggins 2010) support this ifngd Figure 1.8b shows a
nearly single curve characterising the stressdasdrain behaviour of the rock

in pre-peak regime independent on the measurenesited

Strains from 3D DIC virtual extensometers and stgauges are in well
agreement in magnitude as shown in Figure 1.9 #@até-1.10. The Young's
modulus of Hawkesbury sandstone in Figure 1.9, siithins measured by strain
gauges, yielded 10.4 GPa on average, as shownhle Tal. Similarly, the
Young’'s modulus of the rock from 3D DIC analysighe four tests yielded 10.0
GPa on average as presented in Table 1.1. Théntidestresses yielded nearly
the same values after stress-strain curves witlinsigauges and 3D DIC

measurements were analysed, as shown in Table 1.1.
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In general, in the post-peak regime, progressidegameralised fractures
in the rock surface may either break or detach bdrstrain gauges from the
rock surface making post-peak strains readingatififior impossible as shown
in the incomplete stress-strain curves in Figuge [h this figure, labels A, B,
D, and F refer to the strain gauge location inbek sample as depicted in
Figure 1.4 (C and E are not shown in Figure 1.@uoid overcrowding the
figure). On the other hand, the post-peak strdies, from bedding error, were
captured straightforward with 3D DIC as shown iguUfe 1.10. In this figure,
labels DIC-EO, DIC-E1, and DIC-E2 refer to thetwal extensometers location
in the rock sample as depicted in Figure 1.7b (BB;-and DIC-E4 are not

shown in Figure 1.10 to avoid overcrowding the feyu

In Figure 1.9, curves B and F, which demonstraselte of those strain
gauges that were not damaged in post-peak regiee Fsgure 1.4), all
experienced inelastic unloading. 3D DIC proved ¢ouseful for studying the
pre-peak and more importantly the post-peak sbrairaviour of rock in uniaxial
compression. Figure 1.10 shows different post-paakes, characterised by
either inelastic unloading or localised strain depeg on the virtual
extensometer length and location in the rock serf@ith respect to the localised
zone. In this similar manner, Figure 1.8b showsedint post-peak curves by
labels DIC-E5 and DIC-E6, characterised by eithelastic unloading or

localised strain, in stress-lateral strain space.

In Figure 1.10, a portion of the rock outside tbealised zone (taking
place as a shear-failure plane) where strains weeasured by DIC-E1,
experiences inelastic unloading. In this case,alea under the stress-strain
curve enclosed by the loading-unloading path ispiteepeak energy per unit
volume of rock, which is dissipated due to micraaking during the loading
process up to the peak. On the other hand, bothREDI@nd DIC-E2 encountered
the localised zone at different extent, experiegpqost-peak paths differently.
So the energy from the post-peak stress-strairedgrassociated with additional
energy dissipated locally in the damage zone(Bagxant 1989; Jansen and Shah
1997; Markeset and Hillerborg 1995).
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FIELD STRAIN PATTERNS

Digital image correlation analysis provided quaatiite evidence on the
nature of field strains developed in the rock stefthroughout the compressive
test. In Figure 1.10, different loading stages gltme stress-strain curve were
identified to further examine field strain pattebsth in axial and shear-strain
domains. In pre-peak state, the threshold stresewvdor fracture damage of
rock at 0.28peqk: 0.52qpeqr and 0.6¢,.4, cOrresponding to cack closure,
crack initiation and crack damage respectivelyetbgr with the peak stress

dpear Were selected. In post-peak state a number ofifgpastresses from

0.957,¢qx t0 0.197,.4, Were selected.

Figure 1.11a shows the field of axial strains witthe area of interest
analysed during pre-peak regime at the threshob$sgs for fracture damage
and peak stress. The field of axial strains suggbst specimen does deform at
a uniform strain rate as axial strains start ingirgga uniformly with increasing
axial load until peak stress was reached, as shogwolour gradient in Figure
1.11a. In correspondence with uniform developmétit@field of axial strains,
the axial strains measured by the virtual extensersd®IC-EO, DIC-E1, DIC-
E2, DIC-E3,DIC-E4, and DIC-E5, location depictedRigure 1.7b, produces
nearly a single stress-strain curve as shown imrgig.10 and Figure 1.8a.

Finally, Figure 1.11a shows no sign of perceptdoicking in pre-peak regime.

Figure 1.11b and Figure 1.11c show the field o&bsirains in the rock
surface during post-peak regime at selected dtrests. In the post-peak regime
the axial-strain field does not increase uniforniyt progressively at different
rates with large deformations localising around fineire failure plane. The
results suggest that deviation from strain uniféynblegins progressively after
peak stress was reached. This phenomenon has sheanty by colour gradient
in Figure 1.11b for stresses relatively immediat@ier q,cqx at 0.9%1,¢4x t0
0.7%peqr- Thereafter, as shown by colour gradient in Figufelc for stresses
ranging from 0.78,.4x t0 0.157,.4 Strain localisation is accelerated which

resulted in increasing the rate of strength dediaalaAs shown in Figure 1.10,
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from the onset of post-peak, the virtual extensenseDIC-EO, DIC-E1, DIC-
E2, DIC-E3, DIC-E4, and DIC-E5 experience eitheelastic unloading or
localised irreversible strain at different exteRurthermore, comparison of
Figure 1.8 and Figure 1.10 indicates that the Istrains in the localisation zone
may be much larger than the nominal average stfiained from LVDT or
lateral extensometer. Finally, it was observed that failure plane became
noticeable at the naked eye only long after th& g&ass took place, on average

at 0.4%,¢qx - 0.557p¢qk, @s shown in Figure 1.11c.

Figure 1.12a shows the field of shear strains withe area of interest
analysed at the threshold stresses @€ dci, Gcd) and the peak streSeax in
the pre-peak regime. In the shear-strain fieldrssravith values of about 5x10
4 are marginal (see nearly a single colour gradienFigure 1.12a). In
conjunction with the field of axial strains discedsabove, no localised shear

strains into a failure plane was observed in tleeg@ak regime.

Figure 1.12b shows the field of shear strains eartick surface during
post-peak regime at selected stress levels. Imptsé-peak regime the shear
strains are localised progressively along the &utailure plane. First, the rate of
shear strain development was slow, and then ileated with the increasing
rate of strength degradation. The field of sheairs$, within the area of interest,
shows that shear strains are slightly localisech@lthe future failure plane.
Barely noticeable colour gradient even at a stiess of 0.%eqx and 0.6, ¢qx
was noticed. As it may be seen in Figure 1.12kglised shear strains becomes
clear only from stress levels about G345, - 0.597,¢qx, Where the failure plane
becomes noticeable at the naked eye. Thereafteora significant shear strain

gradient in the specimen was noticed.
CONCLUSIONS

In this study, three-dimensional digital image etation (3D DIC)
method was used to study the pre-peak and postgbessis-strain characteristics
of Hawkesbury sandstone in a series of uniaxialpression under quasi-static
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loading conditions. 3D DIC is a non-contact metiioat provides deformation
and motion measurements of an object undergoingreadt load. Post-peak
stress-strain of the rock was successfully captiedontrolling the applied
axial load with prescribed constant lateral-straate from monotonically
increased lateral strains. The following conclusibave been drawn from this

study.

Post-peak strain measurement with strain gaugedeoiio the specimen
surface is very difficult due to strain gauge damagused by post-peak large
crack propagations and strain localisation. In gahét was noticed that the
strain gauges will either damage or exhibit unlogdiehaviour. It was found
that using 3D DIC method, relatively large stradeveloped in the rock, in

particular within localised zones, can be captwattessfully.

In addition, 3D DIC method shows major advantagesantrast with
conventional external strain measurements. Fir&tyyproviding strains free
from bedding errors unlike LVDT, and secondly bygeting the field of strain

development relevant for strain localisation ingsgh

In post-peak regime, different stress-strain curelearacterised by either
local inelastic unloading or localised strain, ¢@nproduced depending on the
gauge length and gauge location with respect tadnepression damage zone
(CDZ) and the localised zone. 3D DIC method servesl for strain

measurement inside and outside the CDZ.

Field strain development, both in axial and shé&airs domains, in the
rock suggests that strain localisation takes ptaiogressively and develops at a
lower rate in the pre-peak regime. Strain localiggthowever, is accelerated in
the post-peak regime associated with accelerasitegaf strength degradation.
The results show that the major failure plane becaoticeable only long after

the peak stress was reached.
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LIST OF SYMBOLSAND NOMENCLATURE
F Applied axial load
t Time
q Differential stress
dpear Peak stress
Occ Crack closure stress
i Crack initiation stress
Ocd Crack damage stress
&4, €, Axial and lateral strains
Evo1  VOlumetric strain
eco;  Elastic volumetric strain

eso1  Crack-induced volumetric strain, respectively.

E Young’s modulus

v Poisson’s ratio

dF/dt Rate of loading

de,/dt Rate of axial strain

deg,/dt Rate of lateral strain

LVDT Linear Variable Displacement Transducers
UCS Unconfined Compressive Strength

3D DIC Three-dimensional digital image correlation
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CDZz Compression Damage Zone

LIST OF FIGURES

STRESS

B C CLASS I

CLASS

STRAIN

Figure 1.1 Classification of class | and classehaviour of rock failure

in uniaxial compression (Hudson et al. 1971)
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Figure 1.2 Identification of the compression zorendge model and
deformation of a specimen loaded in uniaxial corsgian (Vasconcelos et al.
2009)
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Feedbacksignal

i Instant lateral | | Instant axial | | Instant digital | | Instant applied Data storage
| Lateral-Strain rate ‘ deformation deformation LVDT image load unit
‘ Software function generator }H Proportional gain I I Valve driver I

Figure 1.3 Experimental set up: servo-controllemset-loop testing system and two-camera stereemyftr 3D DIC in

uniaxial compression loading
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Figure 1.4 Strain gauge instrumentation arrangeiedtypical failure pattern of Hawkesbury sandstex B, C, D and E
refer to the location of strain gauges
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Figure 1.5 Typical time history of a) loading arichgs and b) loading rate and strain rate in ualacompression tests with lateral-

strain rate feedback signal
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Figure 1.6 Recovering the third dimension by usmg cameras (Sutton et al. 2009)
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Calibration target Location of virtual Failure pattern
Left and right cameras extensometers (q= 0.03q,.,)  atthe end of the test

a) b)

Figure 1.7 a) Calibration procedure for the stecameras left and right pair imaging and b) locatainthe virtual

extensometers within the area of interest and ab¢ke end of the compression test
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Axial stress, q (MPa)
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Figure 1.8 a) Stress-axial strain curves from platisplacement, external LVDT and DIC measurem@t€-EO) and b)
Stress-lateral strain curves from lateral extensenand DIC measurements (DIC-E5 and EG6)
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Figure 1.9 Typical stress-strain curves with agtehins obtained from external LVDT and strain gzsig
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Figure 1.10 Typical stress-strain curves obtaimethfDIC for virtual extensometers DIC-EO, DIC-E1debIC-E2
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LIST OF TABLES

Table 1.1 Hawkesbury sandstone properties andhbigstresses for fracture damage

Poisson’s

Sample No. Strain GpeakOr UCS Young's CIcc/CIpeak CIci/CIpeak Cch/CIpeak
measurement (MPa) moduluse ratio @)
(GPa)

1 Strain gauge 32.7 104 0.15 0.27 0.47 0.67
2 DIC 36.1 10.3 0.16 0.28 0.52 0.67
3 DIC 31.2 9.9 0.19 0.30 0.57 0.69
4 DIC 32.9 9.5 0.16 0.32 0.53 0.70
5 DIC 34.8 10.2 0.15 0.27 0.52 0.68

Average 33.5 10.1 0.17 0.29 0.52 0.68
SD 1.7 +0.3 +0.015 +0.02 +0.03 +0.01

dpeak - PeaK stress, UCS: Unconfined Compressive StreggthCrack closure stresgsi : Crack initiation stresjed :

Crack damage stress. SD: Standard deviation
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ABSTRACT

Brittleness is a fundamental mechanical rock priypattical to many civil
engineering works, mining development projects amcheral exploration
operations. However, rock brittleness is a congepto be investigated as there is
not any unique criterion available, widely accegigdock engineering community
able to describe rock brittleness quantitativatythis study new brittleness indices
were developed based on fracture strain-energy tigeanobtained from the
complete stress-strain characteristics of rocksldimg so, different rocks having

Unconfined Compressive Strength values ranging fiono 215 MPa, were
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examined in a series of quasi-static uniaxial casgion tests after properly
implementing lateral-strain control in a closedgogystem to apply axial load to
rock specimen. This testing method was essentieapdure post-peak regime of
the rocks since a combination of class I-1l or slddehaviour featured post-peak
stress-strain behaviour. Further analysis on tls¢-peak strain localisation, stress-
strain characteristics and the fracture patternsioguclass I-l1l and class Il
behaviour were undertaken by analysing the devetoprof field of strains in the
rocks via three-dimensional digital image correat{3D DIC). Analysis of the
results demonstrated that pre-peak stress-stratlebess indices proposed solely
based on pre-peak stress-strain behaviour do et ahy correlation with any of
pre-peak rock mechanical parameters. On the otirad,the proposed brittleness
indices based on pre-peak and post-peak stress-s@lations were found to
competently describe an unambiguous brittlenesle s@minst rock deformation
and strength parameters such as the elastic mgdbiisrack damage stress and

the peak stress relevant to represent failure psoce
KEYWORDS

Brittleness index, fracture energy, post-peak enargiaxial compression,
digital image correlation

INTRODUCTION

Brittleness refers to deformation that involvesdhastrong material that
fractures and splits rather than staying whole @vplilably deforming. Therefore,
rock failure behaviour is defined by brittlenesstittBeness is an essential
mechanical rock property critical to many civil @mgering works, mining
development projects and mineral exploration opmmat Rock brittle fracture
damage, detrimental to stability of surface andemgaund rock excavations rock
breakage and drilling, are amongst major practaggilications. However, rock
brittleness is a concept yet to be investigatetihae is not any standard criterion
(i.e. brittleness index) available to describeuialcharacteristics of different rocks.
For instance, a number of different criteria toegssbrittleness upon pre-peak

stress-strain characteristics in uniaxial compogsgicluding ratios between elastic
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to plastic strain as well as fracture strain-enemrggtions, e.g. (Hucka and Das
1974; Kidybiiski 1981), are found to be insufficient to descifiséure behaviour
of rock (Tarasov and Potvin 2013). In the same ragnother brittleness indices
are developed based on ratios between uniaxial @ssipe to tensile strength, e.g.
(Altindag 2002; Hucka and Das 1974; Kahraman 2002)his respect, in the
present study rock brittleness is developed up@appak and post-peak stress-
strain energy balance to describe rock brittleregggnst pre-peak rock strength
parameters in uniaxial compression including Yosngiodulus, crack damage
stress and peak strength. In this sense, the ctamgiless-strain characteristics in
uniaxial compression become a fundamental piegafofmation to describe the
total process of rock deformation to assess hmi#tle based on post-peak failure

behaviour.

Pioneering studies on the complete stress-straimvieur of rocks
undergoing quasi-static compression (Hudson efl@l1; Wawersik and Brace
1971; Wawersik and Fairhurst 1970) classify roak® itwo categories: class |,
characterised by a negative post-peak slope, whertire propagation is stable,
and class Il, showing positive post-peak slope, resifeacture propagation is
unstable. Nonetheless, few studies can be foutitkeititerature dealing with post-
peak measurements in the case of rocks followiagscll behaviour. In the first
place, this limitation is due to the lack of implemiation of a proper load-control
method to respond accordingly to rock class Il beha. That is, rock behaviour
under axial loading is generally studied in labonmatusing load-controlled or
displacement-controlled compressive loading systéiren here, load-controlled
method can only measure pre-peak behaviour. Toune@®st-peak behaviour of
rocks in unconfined and confined conditions, épwWd and Rummel 1980; Kumar
et al. 2010), generally displacement-controlledhudt(i.e. axial-displacement or
axial-strain rate feedback to control axial loadjmplemented in servo-controlled
compressive machines, e.g. (Bieniawski and Bern2€8@9). Nevertheless,
displacement-controlled method is insufficient teasure post-peak regime for
class Il rocks because axial strain no longer mamoally increases from the
moment rock behave as class Il. As a result, folgwthis method, a critical
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response of the rock takes place leading to roa&tutrfailure. Consequently, post-
peak stress-strain behaviour is masked by a rapdgth reduction at constant
displacement immediately after peak stress, eap\fk and Biolzi 2007). However,
this post-peak critical response may be a manifestaf axial displacement-
control compliance and not true material behavibuthis view, circumferential or
lateral-strain controlled method is suggested byesoesearchers to measure post-
peak stress-strain for brittle rocks (Fairhurst Blodson 1999; Hudson et al. 1971).
This is mainly because lateral displacement monocatly increases after peak

stress even if axial displacement decreases.

In the present study, fracture energies, obtainech the complete stress-
strain curve and dissipated during crack developmadnch is associated with
decreasing of load-carrying capacity in post-peaime, are the basis to develop
brittleness indices. Fracture energy obtained ftloencomplete stress-strain curve
(i.e. pre-peak and post-peak energy) followingegittiass | or class Il behaviour
can be estimated by taking into account the actiiape of complete stress-strain
curve (Jansen and Shah 1997; Markeset and Hillgrd®95). Alternatively,
fracture energy can be estimated by some simplfiguiessions taking into account
both the elastic Young’s modulus and a single lipest-peak modulus to represent
the complete stress-strain curves of rock (TarasaPotvin 2013; Tarasov and
Potvin 2012; Xue-bin and Yi-shan 2003). Howevergémeral, the actual features
of pre-peak and post-peak stress-strain curvesadf may be overly simplified if
fracture energy is obtained in this manner by usimgle values of Young’s
modulus and post-peak modulus. In addition, poakpiacture development
characteristics are very complex and they cannohbeacterised simply by a single
post-peak modulus as post-peak progressive fradtutbe rock takes place at
different shear-tensile extent and at differentesatFurthermore, post-peak
behaviour can consist of not only class | or cldsbehaviour, i.e. class I,
characterised by a negative post-peak slope asd tjahowing positive post-peak
slope, but it can be endowed by a combination asscl-11 behaviour at different
extent. Therefore, a single post-peak modulus vahay not be an accurate

representative of the whole post-peak response.
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In this respect, Wawersik and Fairhurst (Wawersi# Bairhurst 1970), for
instance, observed in uniaxial compressive tesgranite, limestone, basalt and
marble, (UCS between 35 and 350 MPa) that nonkeeopbst-failure curves could
be approximated by a linear fitting. They pointed that it is difficult to conceive
intuitively how a simple approximately linear folwhstress-strain relationship was
obtained in the post-failure curves of norite, dqeigg, and an unidentified soft rock
by Bieniawski (Bieniawski 1967) as fracture in thematerials consisted of a
combination of slabbing and faulting. Unlike thadst undertaken by Tarasov and
Potvin (Tarasov and Potvin 2013) which shows a Brapproximately linear form
of post peak stress-strain relations for a sandstamuartzite and a dolerite (UCS
between 180 to 380 MPa) all following class | bebar in unconfined
compression tests, studies on the post-peak corvgsanite (UCS between 40 to
340 MPa) conducted by Vasconcelos et al. and Wakvansl Brace (Vasconcelos
et al. 2009; Wawersik and Brace 1971) show suceessops and recoveries of the
load-carrying capacity at different extent, i.easd | and class Il behaviour at
different extent. In this case, as indicated byddaselos et al. and Wawersik and
Brace, crack propagation process is deemed asdheamaracteristic of post-peak
behaviour that may be responsible to define tha §hape of the stress-strain curve.
Therefore, the post-peak stress strain curve ma&ytren either type a smooth or
irregular saw-shape curve associated with the nmestmaof recovery of stress

provided by grain interlocking in between the sidémacro cracks.

In post-peak regime deformations associated with fibrmation and
coalescence of distributed longitudinal cracks &mdting localisation of quasi-
brittle materials takes place within a damage zehieh is limited by the length of
the damage zone (Bazant 1989; Jansen and Shah M@&ékeset and Hillerborg
1995). In this condition, conventional local straneasurements by extensometers
and strain gauges cannot entirely capture thensteveloped in post-peak regime.
In this case, extensometer misalignment and sggauge damage are the major
issues. Particularly these problems initiate whemggessively growing cracks and
localisation take place in specimen. As a resol-oontact strain measurement via

three-dimensional digital image correlation (3D [PK@comes relevant to measure
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strains development in post-peak regime. Digitalgecorrelation (DIC) refers to
the class of non-contact methods that acquire isyagean object, store images in
digital form and perform image analysis to extfattfield shape, deformation and
motion measurements (Chu et al. 1985; Sutton @0&i9). 3D DIC has been used
to study deformation of different materials (Hesrzd Wiggins 2010; Song et al.
2013; Yang et al. 2015). This technique was implaeein this study to accurately

measure rock deformation in pre-peak and post-psgiknes.

In summary, there is not any study on rock britlenassessment on the
ground of post-peak instability taking into accouhe complete stress-strain
characteristics in uniaxial compression. In additian unambiguous brittleness
scale against rock strength parameters such dgetaslulus, crack damage stress
and peak stress relevant to represent failure psodevelopment has not been
developed yet. In view of the above, the presentysaims to characterise complete
stress-strain behaviour of different soft, mediunorsy and strong rocks (UCS is
ranging from 7 to 215 MPa) in uniaxial compressi@dmother objective is to
develop a brittleness index based on fracture gndigsipation resulted from the
complete stress-strain curve in uniaxial compressiable to describe

unambiguously a brittleness scale against rock ar@chl parameters.
EXPERIMENTAL STUDY

ROCK MATERIAL AND PREPARATION

A series of uniaxial compressive tests under gstatie monotonic loading
conditions were carried out on different rock saspincluding five limestones
(Tuffeau, Savonniere, Massangis, Chassagne and eRogh a sandstone
(Hawkesbury) and two granites (Alvand and Harcoprésented in Table 2.1. At
least three specimens have been tested for eaklsaoaple. It is anticipated that
stress-strain parameters shown in the present sitedyepresentative values of a
group of tests. The limestones, which are sources fifferent quarries in France,
all belong to Middle Jurassic. Hawkesbury sandsieren early Middle Triassic
rock sources from New South Wales, Australia. At/gnanite, a late Paleogene

rock, is known as a typical strong rock in westéam. The Upper Devonian
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Harcourt granite was sourced from Mount AlexanaeWictoria, Australia. The
rock samples correspond to fine to medium grai@ zk having densities varying
from 1.40 to 2.70 g/ci(Table 2.1).

The rocks were quarried and prepared in blocksreike were collected
from the field as cores retrieved during drillinGylindrical specimens were
prepared by coring the rock blocks. The diametghefspecimens was 42 mm. A
visual inspection shows that the specimens’ diare@tas from 10 to more than 20
times bigger than the rock grains size satisfyiagpmmendations given by the
International Society for Rock Mechanics (ISRM)€Biawski and Bernede 1979;
Fairhurst and Hudson 1999). The end faces and sfdee specimen were prepared
smooth and straight according to the ISRM stan@@aithurst and Hudson 1999;
ISRM 1981). The aspect ratio (i.e. length to disaneatio) of the samples was
maintained at 2.4 for all the rock samples.

ROCK INSTRUMENTATION

The rock specimens were instrumented locally by sisain gauges
orientated in the axial direction, as depictediguFe 2.1a (letters A, B, C, D, E and
F refer to the strain gauge location), to measwege¢spective axial straiag. The
strain gauges used were both KFG-30-120-C1 (30 augeylength) and KFG-10-
120-C1 (10 mm gauge length) types manufactureddikyd Sokki Kenkyujo Co.
Axial extensometers type 632.12F20-series manukedtby MTS Systems Co
were attached to the samples as well, as depictejure 2.1a. Additionally, axial
deformation of the specimens was measured extgrhglla pair of axial linear
variable displacement transducers (LVDTs) mountdabth left and right sides to
the rock specimen. Axial straiag were calculated for strain gauges, extensometers

and LVDTSs readings.

Additionally, the rock specimens were instrumenbgda direct-contact
lateral extensometer (lateral ring-shape extensemnetrapped around the
cylindrical sample, see Figure 2.1a. This devics essential to control the axial
load by lateral strain. The lateral extensometes maunted at mid-length of the

rock specimens so that end-edge friction effecawlkeés and Mellor 1970) and
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confined zones due to boundary conditions (Vant\dred Van Mier 1995) on the

measurements were eliminated. Lateral strajsyere calculated from the change
in diameter length of the sample induced by axdabll The lateral extensometer
type used in the tests was that 632.12F20-seriasfactured by MTS Systems Co.

3D DIGITAL IMAGE CORRELATION METHOD

As the details of DIC application to uniaxial coregsion tests are given by
Munoz et al. (Munoz et al. 2016a), herein only aefodescription of the
methodology is presented. This technique encompassting up two digital
cameras pointing at the specimen from two diffeeargles and capturing a series
of grey-scale images of the specimen surface pattecreate three-dimensional
measurement of shape and displacements of thenspecFigure 2.1b shows the
experimental set up used in this study for threeedisional (3D) DIC

measurements.

Rock surface deformations induced by the compredead throughout the
tests were captured by taking a significant nunolb@nages of the speckle surface
of the specimens by using a couple of digital cawdr.e. Fujinon HF75SA-1,
1:1.8/75mm, 5 Megapixels resolution) suitable foasj-static load testing. The
speckle pattern on the rocks, created by firsthagpg ordinary white paint and
then spray-tarnishing black paint, e.g. (Heinz ®idgins 2010; Song et al. 2013;
Yang et al. 2015), was non-repetitive, isotropid &mh in contrast, i.e. random
pattern exhibiting no bias to an orientation andvahg dark blacks and bright
whites, adequate in size for high-strain resolu{®uatton et al. 2009). Prior to the
compression tests, each camera was calibrated asiB@mm standard target
having uniformly spaced markers. Calibration respibduced a standard deviation
of residuals of 0.020 (in pixels). This value sugjgethat the calibration of the

cameras is adequate for measurements (Sutton2Qg).

Images of undeformed and deformed states of theirapa were captured
automatically by Vic-Snap software at a frame @dtan image each 0.5 seconds,
from the start of loading for during the first 30nutes, and thereafter an image

each 5 seconds until the end of the tests. Thisdnate results suitable to capture
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and store a large number of images for further yaigl Instantaneous axial
deformation, lateral deformation, applied load anstantaneous images were
synchronously acquired to ensured one-to-one quorekence between load,
deformation and respective images. Imaging dategasing of the area of interest

was conducted by VIC-3D software.

LOADING SET-UP AND TESTING METHOD

The rock specimens were subjected to a quasi-statinotonic axial
loading by a compressive machine which was stiffugih to not allow the elastic
energy to be accumulated in the machine (i.e. dnst342 and 1282 models
manufactured by Instron Inc.). The closed-loop secontrol system of the
compressive machine is fully digital and it is daleaand flexible to control the
applied axial load by an in-built computer systesnaafunction of lateral-strain
feedback signal. Thus, the applied axial load veasrolled in a way keeping lateral
strain-rate constant. In this sense, the electsoard computer program allowed
the hydraulic system to be adjusted continuousty amomatically to ensure the
load to respond accordingly with the feedback dignd with the damage extent to
the specimen. Axial load (by a load cell), axiatast (by strain gauges,
extensometers and external LVDTSs) and lateralrs{tai a ring extensometer) were
acquired continuously by a data acquisition sys&ra rate of 4 data points per

second.

Different load cells having capacities of 100, 26000 kN were installed
in the compressive machine depending on the stiesfgtock. Applying uniform
load to the rock samples, essential to avoid preradailure of the specimens, was
ensured in all the tests by using a hinge-type gtatlthat adjusted the specimens
centre line to fit perpendicular to the loadingtptaand avoid misalignments. In all
the tests, no additional friction-reducing layarscontact between the specimens
and the loading platen were used. In this casepldten was in direct contact with

the specimens.
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COMPRESSIVE TEST RESULTS

LATERAL-STRAIN CONTROLLED TEST

The application of a proper loading method in tbenpression tests was
critical in order to obtain the complete post-pstlkss-strain response of the rocks
as post-peak stress-strain characteristics arendie component to develop the
brittleness indices proposed herein. In this respégure 2.2 shows the normalised
stress-strain curves for Hawkesbury sandstone undaxial compression loading
following load-controlled, axial-strain controllednd lateral-strain controlled
loading methods. Tests were performed under a aohakial-load increment of
0.026 kN/s (or 0.016 MPa/s), a constant axial stlacrement of 6x18's and a
constant lateral-strain increment of 2¥1€) respectively, to satisfy static to quasi-
static loading conditions (Bischoff and Perry 19Bildson et al. 1971; Wawersik
and Brace 1971; Wawersik and Fairhurst 1970). Nbsaizon was done by
dividing stresses and strains (here strains coroes EVDT readings) by the peak
stress and the strain at the peak stress, resglgctivgure 2.2 shows, on one hand,
that pre-peak curves nearly overlap to each othespective of the loading method
used in the tests. On the other hand, in the telstsving axial load-controlled and
axial-strain controlled methods, it was not possilal capture the complete post-
peak stress-strain curves as Hawkesbury sandstirevéd at some moments as
class Il. In general, this outcome clearly indisat@at if rock follows class Il or a
combination of class I-Il mode behaviour, as obséin the rest of the rocks tested
here, the compressive tests end prematurely ahtiment that class Il behaviour
start dominating post-peak regime.

Unlike load-controlled and axial-strain controlleskthods, lateral-strain
controlled method was successfully implemented &asure pre-peak and post-
peak stress-strain relation of all the rocks inictl in Table 2.1. A constant
lateral-strain increment of 2xPG was applied to all the rocks throughout the
compressive tests. Axial-strain rate varied frorix10° /s to 2x1¢ /s at the
beginning to the end of the test with axial-ratefuations. Figure 2.3a and Figure
2.3b show the time history of stress and straing stness and strain rates of

Hawkesbury sandstone, respectively. As it can lee s Figure 2.3b, from the
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moment that lateral-strain control takes over &, tat nearly the beginning of
loading, the axial-load rate and the axial-strate were about 0.2 kN/s and 1.7x10
5 Is, respectively, and thereafter they start toese gradually as the stress in the
rock reaches peak stress. After peak stress, thkestrain and load rate experienced
fluctuations as the result of the strength resparisthe rock and the automatic
adjustment of applied loading upon the damage exitethuced in the sample. In
other words, post-peak regime was characterisegrbgressively dropping and
minor recoveries, if any, of the load-carrying capaaccompanied with crack

propagation process and localisation.

Rock samples tested following lateral-controlled timoe failed very
smoothly, i.e. an eruptive failure was not observedny sample at the end of the
tests. Cracks growing and shear zone localisatimrewthe main failure
characteristics of rock samples (see Figure 2Hsgentially axial splitting of the
sample by macroscopic crack (or cracks) extendinipeé direction of axial load
and faulting or macroscopic shear failure was oleedepending on rock type and
strength. For instance, in Hawkesbury sandstondtirfig was observed. For
limestones and granites, predominantly distributedgitudinal cracks were
observed at the end of the tests.

COMPLETE AVERAGE STRESS-STRAIN CURVES

In post-peak regime, local strain measurement xpgnsometers and strain
gauges) is insufficient to capture strains whergpessively growing cracks and
localisation took place. In this case, extensometisalignment and strain gauge
damage make post-peak strains reading difficulimgossible, thus incomplete
stress-strain curves may be resulted. For instaméagure 2.4 LVDT captured the
complete stress-strain curve (average strain) whilees labelled A and D (see
strain gauge location in Figure 2.1a) were damageal immediately after peak
stress and, therefore, they did not capture past-g&rains. This is very common
for the strain gauges attached to specimen. Algajnsgauges C and E only
captured pre-peak strains (curves C and E are howrs in Figure 2.4).
Furthermore, strain gauges B and F which were reohadjed during the
compressive loading (i.e. B and F were out of thealised shear zones) only
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measured local inelastic unloading after peak strékerefore, discussions given
here are based on axial stramsobtained from LVDTs or DIC measurements.
Although LVDT's readings contained bedding erroal(&ri and Tani 2008), they
can be used to describe the post-peak charaaterisfi rocks with sufficient
accuracy, see (Jansen and Shah 1997; Markeset idlathdtg 1995). Results
obtained by DIC measurement, however, are free filos experimental error
(Munoz et al. 2016a). In this view, axial straiysfrom LVDTSs, both in pre-peak
and post-peak regime are presented in Figure 2.allfdhe rocks tested in this

study.

In general, it was observed that immediately dfterpeak stresg, ., took
place, progressive drop of stress was followed @ataal with the progressive
strength degradation of the rock. Upon strength rac# type, post-peak regime
complied with either a combination of class I-llhbgiour, or otherwise class Il
behaviour. Successively sudden drops and recowvefribe load-carrying capacity
at different extent shaped post-peak stress-stames from smooth-type to
irregular saw-shape as shown in Figure 2.5. Thedomay be associated with the
internal bonding connections breakage and the fabe shear strain localisation.
On the contrary, the latter, stress-strain curvesy rhe associated with the
mechanism of recovery of the stress provided Brimtking in between the sides
of the macro cracks as suggested in previouslyeguah granite and high strength
concrete, e.g. (Jansen and Shah 1997; Vascondetds2009). It is noteworthy
that no sign of perceptible major crack in the spea was noticed during pre-peak
regime neither at peak stress. It was only aftakg#ress was reached that the rocks
experienced progressively macro cracking growthmfrooalescence of micro

cracks.

A major cracking in the form of a predominant senghear-failure plane
took place in the case of Hawkesbury sandstonethéaest of the rocks, as shown
in Figure 2.1a combination of shear cracks andidiged longitudinal cracks at
different extent gradually happened during postkpeading. Microscopic studies,
not conducted in the present study, suggest thataseopic shear failure initially
involves uniform nucleation and growth of micro atahroughout the sample
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followed by accelerated cracking over a centraloe@f sample as the peak stress
is approached to eventually form a macroscopielahgar plane (Horii and Nemat-
Nasser 1986; Wong 1982). On the other hand, if dRml compression is
accompanied by large amount of lateral expansi@tkagrowth becomes unstable
after a certain crack length is attained, resulitmaxial splitting (Horii and Nemat-
Nasser 1986).

PRE-PEAK STRESS-STRAIN QUANTITIES

In general, the stress-strain curves follow stagjenguished by: i) an
initial region bound byy.. where existing micro cracks are closed duringahit
loading; ii) once existing cracks are closed, risckssumed to behave linear elastic
until the onset ofj; (Martin and Chandler 1994). Random stable axiatking
associated with axial stresses slightly abgyeare considered to not reduce the
rock strength (Bieniawski 1967); iig., is associated to the reversal point of the
total volumetric strain at the onset of dilatiomgeated by crack development and
represents the onset of unstable crack growth @aski 1967) which is
characterised by significant structural changethéorock (Hallbauer et al. 1973);
iv) while g4, marks the onset of the post-peak behaviour. Afeak-stress is
attained, macro cracks growing, coalescence oksraed localisation characterise
the post-peak regime (Bieniawski 1967). These slpibaracteristic stresses were
well observed in the rocks tested in the presentysand extracted from the stress-

strain curves according to Martin and Chandler (Mand Chandler 1994).

Table 2.2 summarises the average valueg,pfx (i.e. UCS), Young's
modulus E.ypr) and normalised crack damage stresgEggqpeqr Of the rocks
tested here. The values Bf,,r were extracted from the linear-elastic portion of
the stress-strain curves limited By, andq.;. Here, strains were obtained from
LVDTs and lateral-extensometer readings. Elastiduhss values ranged from
1.90 to 48.8 GPa, while the UCS of the rocks ranfgeah 7 to 215 MPa. Crack
damage stress valugg,; occurred at 0.66 to 0.99,.,, depending on rock type

and its strength. Figure 2.6 shows the relatiorssbhigtweerE; ,pr andq., with
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dpeax fOr all the rocks tested in this study. A soumeédr correlation was found in

both cases.

POST-PEAK LOCAL STRAIN FEATURES

Digital image correlation analysis provided quaatiite evidence on the
nature of field strains developed in the rock steféhroughout the compressive
test. In Figure 2.7, Figure 2.8, and Figure 2.9ed&nt loading stages along the
stress-strain curve including crack closyggg, crack initiationg.;, crack damage
dcq and the peak streggq in pre-peak as well as post-peak stresses ag Q.40
to 0.1597,.4x Were selected of representative rocks to exanéhe 6f axial strain

patterns.

The field of strains within the area of interestjiiie 2.7, Figure 2.8, and
Figure 2.9 demonstrate that the specimens do defairimrmly in pre-peak regime,
l.e. axial strains start increasing uniformly, po®d relatively homogenous intact
rock and uniform load, as axial load increased peaik stress, as shown by colour
gradient in the samples at pre-peak stress le@gighe other hand, in post-peak
regime the field of strains increased progressiahdifferent rates with large
deformations localising around the future failuleng or along axial macro cracks
extending in the direction of the axial load. Theults indicate that deviation from
strain uniformity begins progressively after pettkss was reached. Thereafter, as
shown by gradient colour in Figure 2.7, Figure &8¢ Figure 2.9 strains start

extending rapidly as the rate of strength degradas accelerated.

Uniform development of strains in the samples, a&ixgd in the above
paragraph by Figure 2.7, Figure 2.8, and Figure@@@@luced a single stress-strain
curve in pre-peak regime, i.e. a single stressrstrarve in pre-peak regime was
extracted from the virtual extensometers (i.e. EDand E2) irrespective of their
length and location within the study area in thegle. See the length and location
of EO, E1 and E2 in Figure 2.7, Figure 2.8, andufég2.9. This observation
confirms that the stress-strain curve before pea#ss describes the overall
compressive behaviour of the material. Failure miea¢ures of a given rock, be

either class I-Il or class Il, were captured glbphly LVDTs and locally by virtual
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extensometers (i.e. EO, E1 and E2, see Figurd-Bjdre 2.8, and Figure 2.9). The
results indicate that a set of different local gosak moduli in the specimen can be
expected as local post-peak strains respondedrefitfy when deformation,
encountered by local gauges, associated to axdekierg or faulting developed at
different extent. Therefore, the average axialstodtained from LVDTSs in post-
peak regime may be much lower than local axialrsdnaeasured at localised zones
as shown for instance by E1 in Figure 2.8. Thim@nly because after peak stress
is reached, areas of sample which are locateddeutdithe localised zone undergo
inelastic unloading, making the average axial stsanaller that the strain measured
in the localised zone.

FRACTURE ENERGY IN COMPRESSION

The complete stress-strain curves allowed assetgrigtal fracture energy
per unit volume of rock dissipated throughout tbenpressive tests. Local stress-
strain curves extracted from the virtual extensemseEO, E1 and E2 as shown in
Figure 2.7, Figure 2.8, and Figure 2.9 do yieldaldtacture energy as fracture
energy is calculated by the area under the resjetiical stress-strain curves.
Therefore, it is expected to have a distributiodoefal fracture energy upon the
length and location of local extensometers witlpees to localised zones within
the area of interest in the rock sample.

In this respect, Figure 2.9 shows the local stetissn and energy
characteristics in a Hawkesbury sandstone samgard-2.9a shows the location
and length of virtual extensometers EO, E(A), E{BJl E(C) and Figure 2.9b shows
their respective stress-strain curves. The strgasiscurves by E(A), E(B) and
E(C) present a transition from damaged to undamagads in different areas of
the specimen. This behaviour is also shown by tiheuc gradient in Figure 2.9a.
The post-peak curves presented in Figure 2.9b elemacterised by either i) local
inelastic unloading in the material outside ofdiaenaged zone or ii) localised strain
in the material inside of the damaged zone. Falamt®, in Figure 2.9b, E(C)
unloaded at the peak stress level unlike E(A) a(®l) Evhich encountered the

failure plane and experienced localised strainser@iy behaviour of the
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Hawkesbury sandstone sample is captured by EO vitnebinde localised damaged
zone and undamaged zone which experiences unloadpust-peak regime. The
distribution of the locally dissipated fracture emeis depicted in Figure 2.9c. From
Figure 2.9c¢, it can be observed that the dissiplaie energy in the damage zone
in the specimen by E(A) is obviously the highesewltompared with withdrawn
energies from E(B) and E(C) and even with the gnenghdrawn from the total
length EO. This is mainly because, unlike otheiuarextensometers, E(A) captures
most of the strains in the localised zone. In th&ance, energy by EO can be
calculated by summing up the local energy in eachign of the specimen
following studies on localisation, e.g. (Markesedt dlillerborg 1995; Watanabe et
al. 2004) as,

PE(A) PE(B) PE(C)

Utotal-E0 = Utotal—E(A) 7EO +Utotal—E(B) 7E0 +Utotal—E(C) 7E0

(1)

Where YE(A), YE(B), YE(C) and YE0 are the gauge length of virtual
extensometers E(A), E(B), E(C) and EO, respectiv€lyrrectness of this relation
is proved by the experimental results of energysaared locally by E(A), E(B)
and E(C) and the average consumed energy by E@messin Figure 2.9c.
Furthermore, energy quantities, from DIC extens@mED (see location of EO in
Figure 2.7, Figure 2.8, and Figure 2.9) and LVDffeded by only 2 to 7% in this
study. This suggests that although LVDT strainst@ionbedding errors, they can
be used with enough accuracy to assess fracturgyegeantities of the rocks.
Therefore, compression fracture energy for thesaeks estimated from the stress-
strain curves with LVDTSs depicted in Figure 2.5 elhrepresent the total average

strains of the entire rock specimen.

The total fracture energy/{,.,;) comprises of pre-peak energdy,(.) and

post-peak energy,,..) and it is expressed by the following equation:

Utotar = Upre + Upost (2)
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Pre-peak energy per unit volume of rock is estichai® the area under the
stress-strain curve enclosed by loading the specimpdo the peak stress and then
unloading it completely. In Figure 2.10a, the uxliog path was assumed to be
linear with a slope equal # ypt (i.e. the Young modulus obtained by LVDTS),
see Table 2.2 for the values Bfypr of the rocks. On the other hand, post-peak
energy was calculated taking into account the ameder the post-peak stress-
inelastic strain. That is the area under the urddapgre-peak stress-strain curve
(assuming that unloading curve’s Young’'s modults, is equal to loading curve’s
Young’'s modulusELvpr) and under the post-peak stress-inelastic stsashawn
in Figure 2.10a. Herein, the post-peak fracturegneas defined until a post-peak
stress level equal to about one third of the péass, i.e. 0.38,.qx, a stress level
where the stress-strain curve is terminated by ithgaa linear unloading following

a slope equal té; ypr (Jansen and Shah 1997; Jansen et al. 1995).

The quantities oU;ptq;, Upre and Uy, for the rocks studied here are

reported in Table 2.3. Furthermore, Table 2.3 atqmrts the values of elastic
energy (,.) at peak stress (see Figure 2.10b for the notatidy,) whereU, is

obtained as follows:

2
Up = gt ®3)

2ELypr

Figure 2.10c shows the relationshiplf.c, Upost, Utora: @andU, with their
respective peak stregs, ., for the rocks studied here. This figure shows that
obviously increases in a linear fashion with arréase ing,.q,. Unlike the values
of Ug, Upose andUy,.q; €NErQies increase with an increasejg, until geq,= 180
MPa and then decreases smoothly wlgp,, increases. This trend clearly
complies with low energy enclosed in the stresahstcurve of rocks that follow
class I-1l or class Il post-peak behaviour. Fig2ie clearly shows this behaviour in
rocks with higher peak strength. In addition, igu¥e 2.10cl/,,,.. seems to increase
slightly asq,.qx increases, although, the results does not showcanglusive

trend.
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ENERGY-BASED BRITTLENESS INDEX

In this section, firstly, a number of brittlenessdices, which were
developed previously based on the pre-peak rockuira energy, are examined to
evaluate their capacity to measure brittleness taet relation with strength
parameters. Then, a number of brittleness indiesgd on the pre-peak and the
post-peak fracture energy in uniaxial compressiomn @oposed. Finally, it is
attempted to find correlations between the proptsiiteness indices with the pre-
peak strength parameters of rock including thetielasodulus £, pr), the crack
damage stressg{;) and peak stressyf.qk). Brittleness indices that take into
account only pre-peak stress-strain characterjstiamely,B; upon strain ratio
(Hucka and Das 1974) and upon energy raipgHucka and Das 1974) ari}

(Kidybinski 1981), see expressions below, were investigated

_ EA—e
Bl N Ea-irtéa—e (4)
Ue
Bz N Upeak (5)
Upre
B3 = g_e (6)

Whereg,_, is the elastic axial strain aagl_;, is the irreversible axial strain.
Upear is the strain energy until peak stre8g.x.= U, + U.). These quantities

are summarised in Table 2.3.

Figure 2.11, Figure 2.12 and Figure 2.13 show tberplation of brittleness
indicesB,, B, andB; with strength parameteq$.qx, qcq, andE,ypr. Figure 2.11a,
b and c demonstrate that was not able to correlate well with three pre-pexsdk
parameters. Furthermore, brittleness infigxfor most of the rocks shows a single

value, about 0.8 on average, irrespective of rackeiasing strength trend.

Similarly, as can be seen in Figure 2.12a, b anldecbrittleness indeR,,
which is developed based on energy ratios in pedpegime, does not show an

acceptable correlation with rock pre-peak pararseter this case, although the
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coefficient of correlatiorR? is relatively high for the overall data (i.e. abO8 in
Figure 2.12a, b and c) the following was obsentkd:correlation was scatter for
the rocks having peak strengths of 7 to 84 MPa.tk@rest of the rocks, having
peak strengths higher than 84 MBa,is almost a constant value, in a broad sense
about 0.9, which does not increase with an increasechanical properties values

of rocks.

In Figure 2.13a, b and c, the brittleness inBgxwhich is defined using
pre-peak stress-strain results was not able to shewong correlation with pre-
peak mechanical rock parameters. In this case,lasinw B,, although the
coefficient of correlatiorR? is relatively high for the overall data (i.e. abowd in
Figure 2.13a, b and c) the following was obsentkd: brittleness indeB; was
scatter for the rocks having peak strengths ofabtmut 84 MPa. On the other hand,
for the rocks having peak strengths higher thaiM®4, B slightly decreases and

its value almost remains constant at 0.1.

The above discussion on three brittleness indiesed on the pre-peak
stress-strain relations clearly shows that, précpeak behaviour may not be
sufficient to generate a rock brittleness indexatdg of describing rock failure
behaviour with the required accuracy. As a resaltthis study, a number of
brittleness indices are proposed based on enegytitjigs from pre-peak and post-
peak stress-strain characteristics following enetfgglance and post-peak
instability. That is, an increase in the post-peakrgy indicates an increase of
stability (i.e. a decrease in brittleness). Byshee argument, a dramatic decrease
of post-peak energy indicates less stability offtikeire process (i.e. an increase in
brittleness). Figure 2.5 and Figure 2.10c cleadpp®rt these arguments. The

following energy-based brittleness indices are psegl:

Ue

BU_I N Utotal (7)
Ue

By_n = Upost (8)
U ea

By_m = Ufotakl (9)
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Table 2.3 summarises the strain energy quantitigs; andU,,, for the

rocks studied here. In Table 2.4 the valueBpf;, By_;; andBy_,;; are presented

for the rocks.

As demonstrated in Figure 2.14, Figure 2.15 andr€i@.16 the proposed
brittleness indicesBy,_;, By_;; and By_;;; were able to describe properly a
monotonic and unambiguous scale of brittleness intheasing pre-peak strength
parameters of the rocks. In these figures, theldm#ss indices clearly increase
monotonically in a non-linear fashion with the petilessy,.q«, the crack damage
stressg.4, and the tangent Young’'s modulElg,pr. Then, obvioushB,,_;, By_;
and By_;;; applied to Tuffeau limestone (UCS= 7 MPa) yieldethtively the
lowest values. On the other hand, Rocheron limes(oiCS= 215 MPa) produced
the highest values a8, _;, By_;; and By_;;; - That is, the higher the brittleness
index means that rock is more brittle. The resttr@d rocks fell in between

complying with the proposed brittleness scale.

From the results presented in Figure 2.14, Figut® and Figure 2.16, a
number of non-linear relationships between brigks indices and pre-peak

mechanical parameters are established as follows:

By_; = 0.563e%00564peak  R? = (0,955 (10a)
By_; = 0.581¢%00584dca  R2 = 0,956 (10b)
By_; = 0.510e%9251 ELvpr | R2 = (0,953 (10c)
And

By_;; = 0.832%004%peak  R2 = (0,903 (11a)
By_;; = 0.847¢000434ca  R?2 = 0.927 (11b)
By_;; = 0.792e00173 ELvpr | RZ = (0.820 (11c)
And

By_j; = 0.792e%0173dpeak  RZ = 0.820 (12a)
By_;; = 0.867e%00384ca R2 = (0,925 (12b)
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BU—III = 0.81830'0154 Ervpr ,Rz = 0801 (12C)

The above result clearly suggests that pre-peaknpeters are well related
to brittleness capacity of rock. This outcome beesmelevant in order to better
understand material brittleness associated withptiogressive fracture process
characterised by the typical threshold damagesstseand the elasticity parameters.
For instance, rock damage straegg, has been proposed to better quantify the in
situ state of damage surrounding tunnel excavdidrerhardt et al. 1999; Martin
1997). Furthermore, as noted by Hudson et al. (blu@s al. 1974) and Martin and
Chandler (Martin and Chandler 1994), can be considered as intrinsic material
property. Coefficient of correlations fa8;_;, By_;; and By_;; against rock
strength parameters, indicate that in genBgal, has the highest correlations in
contrast taB;_;; andBy_;;; for an exponential fitting. In summary, expressidg-

12 above may become relevant for further geoteahafplications. The developed
brittleness indexB,;_;, recently successfully has been implemented ttuatathe

drilling performance of different drilling methodslunoz et al. 2016b)
CONCLUSIONS

In this study three brittleness indices were dgwedbbased on not only pre-
peak but also post-peak stress-strain charactarigpon fracture energy balance
and post-peak instability response. In this senb&ining the complete stress-
strain characteristics of rock was fundamentalhtaracterise pre-peak and post-
peak rock properties. This was achieved by impleémgrproperly lateral-strain
controlled loading method in the uniaxial compresgests. Furthermore post-peak
deformation characteristics were also examinedhimetdimensional digital image
correlation (3D DIC). Different soft, medium-strormgnd strong rocks (UCS is
ranging from 7 to 215 MPa) were tested and analyskihg results of DIC
measurement, the post-peak relations of the roeke wharacterised by either a
local inelastic unloading in the material outsidettte damaged zone (localized

zone) or a localised strain in the material in@flthe damaged zone.

Analyses of the experimental results demonstrdiatl lrittleness indices

proposed solely based on pre-peak stress-stramvimein do not show any strong
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correlation with any of the pre-peak rock mechdngzameters, otherwise they
seemed to collapse in a single value irrespecfiveak mechanical properties. On
the other hand, the proposed brittleness indicesdan the pre-peak and the post-
peak stress-strain relations were strongly coedlatith the pre-peak mechanical
parameters including the tangent Young’'s modullis,drack damage stress and
the peak stress. This outcome is relevant to stuigjgepre-peak rock parameters as
potential indicators for assessing and predictoul brittleness. Therefore, the pre-
peak strength parameters can be suggested asiplateditators for assessing rock

brittleness for further geotechnical applications.
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b)

Figure 2.1 a) Rock instrumentation (Massangis ltores) and rocks at the end of the test (Tuffeaeditone, Hawkesbury sandstone

and Alvand granite) and b) servo-controlled clokexp testing system and 3D DIC set up
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Figure 2.2 Normalised stress-strain relations ofvkisbury sandstone
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shifted horizontally to not overcrowd the figure)
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Figure 2.3 Typical time history of a) loading arichgs and b) loading and
strain rates in uniaxial compression tests (Hawlmgslsandstone) with lateral-

strain control feedback
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Figure 2.7 a) Stress- strain curve and b) Fielaixudl strains in pre-peak regime (0g39%x, 0.521p¢qk: 0.6 Gpear aNAGpeqr) and c)
post-peak regime (0.40cqx, 0.6Qpear: 0.450,0qx and 0.19,,.4x) of Hawkesbury sandstone
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Figure 2.8 a) Stress- strain curve and b) Fieldodl strains developed in pre-peak regime (@,84and g,.qx) and post-peak

regime (0.7Q,eqx and 0.49,,.4) of Tuffeau limestone

117



00SZ-

000Z-

0059-

0009-

00S6S-

0005-

00St- |-

000t~

00S€-

000¢-

00s2-

0002-

00ST- I+

000T1-

00s-

0

abuesbeq
- [w/wn] A3

118



Axial stress, q (MPa)

Axial stress, g (MPa)

40

T 40 T
Curve by EO - Class | Curve by E(A) Class |
Cl Il
~__— Class/I =  — ass
o
s Class |
_— Class | > -«
20 E s 20F E
[%]
Class Il = Class Il
o UlolaI-E(A)
Utola\-EO g
<
0 L 0 L
0 50 100 0 50 100
Axial strain, € (x104) Axial strain, € (x104)
40 T 40 T
Curve by E(B) __— Class| Curve by E(C) ___— Class|
Class Il —_
g
Class | S
st Class Il
20 : = 20f — 1
3
_~Class Il 2
8 V)
UtutaI-E(B) % (orHEC)
0 —t 0 )
0 50 100 0 50 100

Axial strain, €, (x10°)

Axial strain, €, (x10™)

b)

119



0.15 . T | |

Local fracture
O energy
g
= 0.10 - .
E O
52
>
()]
) Average
g 0.05F (by q vs EO) O .
<
o
|_
000 | | | |
EO E(A) E(B) E(C)

Local virtual extensometer

c)
Figure 2.9 a) Hawkesbury sandstone specimen aatldooof local virtual extensometers, b) Local s$rstrain curves and c) Locally

consumed energy by extensometers E(A), E(B) and &{€ average consumed energy by EO

120



Axial stress, g (MPa)

Axial stress, q (MPa)

10 ' '

Upre y: LJp9St

ELVDT
Evor X.1/3q

o/ £8 . '
0 50 100

Axial strain, € (x10'4)

peak

a)
10 ' '
. Upre ///// Ue
/,’JELVDT
o 488 ' ‘

Axial strain, g, (x10™)

b)

121



0.50 . . 0.50

08

= U S
o e “—Y=0.0021X g
= Yia Z R'=0983 { B
c —~ e x
@ S Upost Hm %
? é g_ o
x ~+

o L T Gy _ cC 9
g _¢ 0.25 v 8 O 025.C &
oo oo RSN Py
— C b AN o
-g- m:u ,/// 4 8 A g =1
C :) ///’ ~ D
S L’ S
Qo N @
“(7)‘ V. [(e]
© 1- 3 ] <
m v -— pre

0.00 Qﬁ L vV vV N 0.00
0 100 200 300

Peak stress, q (MPa)

c)
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Numbers 1 to 8 refer to the rock type in Table 2.1
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1 to 8 refer to the rock type in Table 2.1

128



Brittleness index, B, (unity)

Brittleness index, B, (unity)

Crack damage stress, q_, (MPa)

b)

129

> 6 Y= 0.5636"%°
4 2_
53 R’= 0.955
1 1
100 200 300
Peak stress, A (MPa)
a)
T
e Y= 0.581"%%
5 . i
R’= 0.956
2
1 1
100 200 300



N
T

=
T

Y= 0.5099e*%*™
R’= 0.953

Brittleness index, B, (units)

0 30 60

Tangent Young's modulus, E ,  (GPa)

C)

Figure 2.14 Brittleness inde;_; relations with a) peak stress, b) crack
damage stress and c) tangent Young’s modulusffereint rock types. Numbers

1 to 8 refer to the rock type in Table 2.1

130



>
c
3
3
@ O
é 7
k= 5 O Y= 0.832¢% %
= .
g1 R’= 0.903 T
5 |1°
=i 2
o
0 1 1
0 100 200
Peak stress, A (MPa)
a)
3 !

300

N
T

O Y=0.847e
R’*= 0.927

[EEN

Brittleness index, B, (unity)

0 | |

0.0043X

0 100 200
Crack damage stress, q_, (MPa)

b)

131

300



N

=

Y=0.792e"""
R’= 0.820

Brittleness index, B (unity)

0 |
0 30 60

Tangent Young's modulus, E ,  (GPa)

C)

Figure 2.15 Brittleness indé;_;; relations with a) peak stress, b) crack
damage stress and c) tangent Young’s modulusffereint rock types. Numbers

1 to 8 refer to the rock type in Table 2.1

132



300

Crack damage stress, q_, (MPa)

b)

133

T

z

c

S 2t

=

34

3

5

E O Y= 0.853%0041

@ 1 6 R= 0.899 .

c

2 2

£

0 1 1
0 100 200
Peak stress, A (MPa)
a)
3 T T

z

c
S 2t

3
34

5
= Oy Y=0.867e”"
(%)) 2_ -
g 1 5 R"=0.925
3 |1 72
£

0 1 1
0 100 200 300



N

=

Y=0.818e""*"
R’= 0.808

Brittleness index, B (unity)

0 |
0 30 60

(GPa)

Tangent modulus, ELVDT

C)

Figure 2.16 Brittleness indd;_,,;, relations with a) peak stress, b) crack
damage stress and c) tangent Young’s modulusffereint rock types. Numbers

1 to 8 refer to the rock type in Table 2.1

134



LIST OF TABLES

Table 2.1 Rock types investigated and their ph{gicgperties

Identification Rock name Rock type Origin Grain size Dry densifgi(r)
Number

1 Tuffeau Limestone France Fine 1.40

2 Savonniere Limestone France Fine 1.72

3 Hawksbury Sandstone Australia Fine 2.26

4 Massangis Limestone France Fine 2.45

5 Chassagne Limestone France Fine 2.53

6 Harcourt Granite Australia Medium 2.70

7 Alvand Granite Iran Medium 2.65

8 Rocheron Limestone France Fine 2.62
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Table 2.2 Pre-peak stress-strain quantities fordbks investigated

Rock name Rock type qpeak (MPa)  q.4 (MPa) dpeak/qca Ewvor
(GPa)
Tuffeau Limestone 6.96 5.98 0.86 1.90
Savoniere Limestone 24.41 23.17 0.95 12.45
Hawksebury Sandstone 32.90 21.67 0.66 10.02
Massangis Limestone 84.25 72.72 0.86 22.73
Chassagne Limestone 122.84 114.40 0.93 37.15
Harcourt Granite 139.49 123.89 0.89 36.20
Alvand Granite 182.35 155.18 0.85 42.58
Rocheron Limestone 215.32 215.32 1.00 48.81




Table 2.3 Pre-peak and post-peak stress-strairtijgaifior the rocks investigated

Rock name Rock type Cazir “a-e Upre (MPa) U, (MPQ) Upeat Upost Utotai
(x10%) (x10%) (MPa) (MPa) (MPa)
Tuffeau Limestone 19.35 36.59 0.011 0.013 0.024 0.014 0.025
Savoniere Limestone 3.57 19.61 0.005 0.024 0.029 0.028 0.033
Hawksebury Sandstone 22.23 32.85 0.022 0.054 0.076 0.051 0.073
Massangis Limestone 9.91 37.06 0.045 0.156 0.201 0.137 0.181
Chassagne Limestone 5.34 33.07 0.023 0.203 0.227 0.147 0.171
Harcourt Granite 9.25 38.53 0.027 0.269 0.296 .21 0.242
Alvand Granite 8.27 42.83 0.021 0.390 0.411 0.239 0.260
Rocheron Limestone 9.83 44.13 0.034 0.475 0.509 0.205 0.238
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Table 2.4 Brittleness indices for the rocks invgssied

Rock name Rock type B, B, Bs By_; By_p; By_i1
Tuffeau Limestone  0.65 0.54 0.87 0.51 0.91 0.95
Savoniere Limestone 0.85 0.83 0.20 0.72 0.85 0.87
Hawksebury Sandstone 0.60 0.71 0.40 0.74 1.05 1.04
Massangis Limestone 0.79 0.78 0.29 0.86 1.14 1.11
Chassagne Limestone 0.86 0.90 0.12 1.19 1.38 1.33
Harcourt Granite 0.81 0.91 0.10 1.11 1.25 1.23
Alvand Granite 0.84 0.95 0.05 1.50 1.63 1.58
Rocheron Limestone 0.82 0.93 0.07 1.99 2.32 2.13
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INTRODUCTION

Rock drilling and cutting is essential in the mmimdustry. Rock
characterisation and classification methods haee peoposed to assess drilling
or cutting performance (Altindag 2009; Hoseinieakt2008; Hoseinie et al.
2009; Kahraman 2003; Yarali and Soyer 2011). Howevegeneralised method

to relate rock characteristics to rock cutting perfance has not yet been
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developed. This is due to the complexity of intéacs among the variables
involved in the cutting process encompassing nbt mtk properties, but also

the nature of cutting. Cost-effective drilling ishéevable by allocating the

available gross energy towards the cutting actrah at the same time, reducing
systematically that energy consumed in frictiomakpsses inherent to tool-rock
interactions. A set of optimum drilling paramet@rs. the optimum weight and

torgue on the bit) is essential to produce thenoytn drilling rate and attain

higher efficiency. In this instance, extra energgynbe required if the weight

and torque on the bit are significantly differenvrh their optimum values

making the drilling process less efficient.

Several attempts have been made to assess dpénfgrmance by
correlating different rock properties with the Lingy rate. For instance, rock
texture, grain size, Unconfined Compressive StierfgiCS), Mohs hardness
and rock mass structural parameters have been tosedild a number of
drillability indices (Altindag 2003; Altindag 2009Hoseinie et al. 2008).
However, not only rock properties, but also différsets of drilling parameters
(weight and torque on the bit) and drilling techueq have an impact on the
drilling performance and efficiency of the procassoticed by (Detournay and
Defourny 1992; Detournay et al. 2008; Taheri eR@ll6; Teale 1965).

Through tool-rock interaction laws, it was founatttSpecific Energy
(SE) accounts for both the energy consumed in rockngutand the energy
consumed in friction between the tool and the rockn mechanical energy
losses outside the rock (Detournay and Defourny219%®ale 1965). The
concept of specific energ§k) in rock drilling was introduced by Teale (Teale
1965) as the work done to excavate a unit volumedck. In this manner, the
cutting response of PDC (Polycrystalline Diamonanpact) bits derives from
a combination of two major actions (Detournay arefddrny 1992): i) a pure
cutting action and ii) a frictional action due teetcutter wear-flat area. The
energy consumed in a pure cutting action of rockéasured by the intrinsic
specific energys) attainable at the cutting point (Detournay anéoDeny 1992;
Detournay et al. 2008; Franca 2010; Franca et(l5@ The magnitude of the
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intrinsic specific energy depends entirely on théure of the rock (Detournay
and Defourny 1992; Teale 1965), the surroundinggaree on the rock surface
(Detournay and Atkinson 2000) and the drilling teicne being used
(Detournay et al. 2008; Franca 2010; Franca €0dl5). Quantities of consumed
energy higher than the intrinsic specific energyesent the energy consumed

by frictional processes.

The intrinsic specific energye) quantifies the maximum cutting
efficiency associated with the optimum cutting ®(®etournay and Defourny
1992; Detournay et al. 2008; Franca 2010; Franeh 015) and it has become
useful to estimate rock strength. In this regatdhas been found that
approximately equals to Unconfined Compressivengtte (UCS) of rock in
drilling experiments with PDC bits (Detournay et 2008) and roller-cone bits
(Franca 2010). In addition, this finding has beepp®rted by a significant
number of cutting tests with a single PDC cutteewthe back-rake angle of the
cutter @) is 15 degrees (Richard et al. 2012), see FiguréoB the definition of

back-rake angle.

A literature survey indicates that there are veny studies on effect of
cutting parameters on the intrinsic specific enevglue. To investigate the
magnitude of the intrinsic specific energy andréstion with the geometry of
the cutting and peak strength of rock, cutting expents with a single PDC
were carried out on different rock types at différback-rake angles, i.6. of
15, 30 and 45 degrees. Additionally, the stresarstparameters of the rocks

were obtained by performing a series of uniaxi@hpressive tests.
ROCK CUTTING MECHANISM

Rock cutting induces two modes of failure in thekrdepending on the
depth of cutd, which are plastic yielding and fracture modeaifurre (Lin and
Zhou 2013; Lin and Zhou 2015; Richard et al. 2018)relatively shallow
depths of cut, plastic yield mode of failure is doamt and material failure is
governed by vyield strength (i.e. strength-relatadufe mechanism). On the

other hand, when the depth of cut is relativelypddeacture mode of failure
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dominates and therefore material failure is goverog its fracture properties
(i.e. fracture-related failure mechanism). In thestances, UCS and fracture
toughnessk, become relevant to characterise plastic yieldfeadture mode of

failure in cutting, respectively.

Lin and Zhou (Lin and Zhou 2013; Lin and Zhou 20#i®&monstrated
that rock cutting is well described by Bazant'seseffect law (SEL) for quasi-
brittle materials, such as concrete and rocks (Ba¥384). SEL is expressed as
a function of the nominal stresg = (F)eqx/w.d and the depth of cud,,
where(FE),eqr is the peak cutting force amg} is the cutter width, see Figure
3.1 for the geometry and nomenclature of the oyttest. In the case of rock
cutting, they found that linear elastic fracturecimanics (LEFM) is relevant
asymptotically to cutting data when cutting is teky deep. In the present
study it is anticipated that the cutting experinsenere carried out at depths of

cut smaller than 0.5 mm in compliance with plagtedd mode of failure.
EXPERIMENTAL STUDY

A series of uniaxial compressive tests and cutteggs using a single
PDC (Polycrystalline Diamond Compact) cutter weegried out. Uniaxial
compressive tests were conducted at The Univeskiylelaide and cutting tests
were performed at the Australian Resource Resdaertire (ARRC) CSIRO-
Perth facilities. The experimental work details swienmarised in Table 3.1.

ROCKSINVESTIGATED

Rock types including limestone (Tuffeau), sandst@vleuntain Gold,
Hawkesbury), phyllite (Brukunga) and basalt (Maajiwere investigated. The
rocks were sourced from several mines and quaimiésance and Australia.
Table 3.2 lists the rocks investigated and theiysptal and mechanical
properties including grain size, uniaxial compressstrength (UCS) and
Young’'s modulusk) on average. The rock samples correspond to fena gize
having densities ranging from 1.5 to 2.7 gicand uniaxial compressive

strengths ranging from 9 to 249 MPa.
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UNIAXIAL COMPRESSIVE TESTS

To study the stress-strain characteristics of theks under uniaxial
compressive tests, in total 26 samples were prdpanen coring rock blocks
listed in Table 3.2. The diameter of cores was #2 and their aspect ratio (the
ratio diameter to length) was maintained at 2.4u¥dl inspection shows that
sample diameters were more than 10 to 20 timesbitpgn rock grains size.
Each rock was tested at least three times and stensiresults were obtained

from UCS tests on each rock.

Axial and lateral deformations induced by axialdaa the rock samples
were measured locally by either: i) a pair of aziadl lateral strain gauges (FLA-
30-11 and FLA-10-11 manufactured by Tokyo Sokki Kgro Co.) attached
directly to the surface of the rocks in axial aatfal directions, respectively, or
i) direct-contact axial and lateral extensomete(632.12F20-series
manufactured by MTS Systems Co.). In addition, dk@al deformation was
measured externally by a pair of LVDTs (Linear ahfe displacement
transducers). Local measurement devices are foee redding errors (Taheri
and Tani 2008) and therefore, in this study, l@aal and lateral deformations

measured were used.

Axial deformation feedback signal was used to adritre axial loading
keeping a constant axial deformation rate equal.@ mm/min. For this
purpose, a closed-loop servo-controlled loading himecstiff enough to allow
the elastic energy not to accumulate in the testinghine was used. The testing
machine has a loading capacity of 1000 kN. Inhaltests, no additional friction-
reducing layers in contact between the specimeddfaloading platen were

used. In this case, the platen was in direct comtdh the specimens.

CUTTING TESTSWITH A SINGLE PDC

In total 45 PDC cutting tests were carried outtmnrocks to investigate
the magnitude of the intrinsic specific energy,The tests were conducted
following a standard practice suggested by Ricledral. (Richard et al. 2012).
The cutting device used in this experiment was rfaotured by Epslog SA.
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This machine is equipped with a load sensor hazif@ading capacity of 3000
N with +1 N of sensitivity which measures the tamiga (F) and normal §¢)

components of the cutting force acting on the c\gtee Figure 3.1). The cutting
machine is controlled by a computer program anddég is stored into a

computer by a data acquisition system.

A consistent cut was applied to the lateral surté#dee rock samples by
means of a rectangular cutter (sharp cutter) oftwid. equal to 10 mm. In the
tests, the cutter ran along a length about 10 cdema prescribed constant
velocity of 4 mm/s and at constant depth of duffhe depth of cud in the tests
varied from 0.1 to 0.5 mm with steps of constamrements of 0.1 mm, in
general. The surface of the rocks was carefullpgmed by preliminary cuts to
achieve an even and smooth surface prior to seatimgrescribed depth of cut
and start the test. By doing so, it was assuredatimeation of a groove having

constant cross-section area (i.e. constanf) at constand in each test.

Each cutting run was performed strictly over aliresrface on the rock.
Furthermore, the formation of a deep U-type grodwe to successive cuts over
a same spot was not allowed, so the effect of stldviction (cutter-groove) ,
that may cause an additional increase walues, e.g. (Richard et al. 2010), was
eliminated. To investigate the influence of incregghe inclination of the back-
rake anglé of the cutter in the magnitude of the intrinsiegfic energy, the
cutting tests were performed at three differenkbage angles of 15, 30 and 45
degrees.

TEST RESULTSAND DISCUSSION

ROCK STRENGTH CHARACTERISTICS

The failure pattern of the rock samples at thedadride compressive tests
consisted predominantly of a single-shear plartkoagh additional minor axial
cracks also were noticed in the specimens. In pedpegime, the threshold
stresses for fracture damage associated with ctaskre §..), crack initiation

(9¢i), crack damageg(,) and peak stresg,f.,,) were identified from the typical
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stress-strain curves in accordance with Martin &tdhndler (Martin and
Chandler 1994). Young's moduluB)(of the rocks were extracted from the
linear-elastic portion of the stress-strain cutueged byq.. andq,;. The linear
elastic behaviour of the rocks was considered ke fdace after the end of an
initial loading stage where existing micro-cracksthe samples, if any, are
closed. Table 3.2 summarises the average valueg,gf (i.e. UCS) and

Young’s moduli of the rocks.

INTRINSIC SPECIFIC ENERGY FROM PDC CUTTING

Figure 3.2 depicts a sample of the cutting forstdnies at a prescribed
depth of cut of 0.2 mm on a Mantina basalt. In flgare, cutting force versus
cutter advancement for three different cutting coowls, i.e. at different back-
rake angles of 15, 30 and 30 degrees, are preserttedshallow cut history

shows a relatively smaller amplitude oscillatiorfriont of the cutter.

The intrinsic specific energy, then can be obtained using the following

expression (Richard et al. 2012):
e =Ff/w.d (1)

Where,F¢ represents the average force on steady cuttingitomms, d,
is the depth of the cut ang., represents the cutter widtiw{of 10 mm). The
cutting response of the PDC cutter on the intacksovas characterised by a
linear scaling regime betwedlt andd or E¢ andw,d, as shown in Figure 3.3

and Figure 3.4.

Figure 3.3 shows the summary results for the cdmnuwhe rocks are cut
by the cutter positioned at a back-rake angle ofldgrees. The plots between
Ef and d show in general non-zero intercepts of the linfitling. This
behaviour may be associated to the presence tbfricaused by cutter wear as
explained by Zhou and Lin (Zhou and Lin 2013). Fey3.4 shows the plots
between oiF,‘ andw.d for the rocks that were cut by the cutter posiibmat
back-rake angles of 15, 30 and 45 degrees. Adadsetplots show in general

non-zero intercepts of the linear fitting and i€ that the intercept of cutting

146



force was reduced in the case when the back-radfe aras 30 or 45 degrees.
Therefore, the amount of friction decreases witlinanease in rake angle.

Table 3.3 summaries the values of intrinsic spe@fiergy which were
obtained from the slope of the linear fittingAfA — w.d plot showed in Figure
3.4. For the case of rocks cut at a back-rake arfgl® degrees, the magnitude
of & varied from 9 to 220 J/chwhich is in good agreement with the magnitude
of UCS of the rocks. This result is supporting poeg findings by other
researchers, e.g. (Richard et al. 2010; Richaal. €2012) as shown in Figure
3.5 by a linear correlation.

Figure 3.6 shows that the intrinsic specific energjues increase by a
factor from about 1.2 to 1.7 and 1.9 to 2.3 tinoesaverage, when the back-rake
angle of the cutter is increased to 30 and 45 @sgrespectively, in contrast to
the case when rocks are cut at 15 degrees baclangke (see Table 3.3). In this

cases exceeds UCS values.
CONCLUSIONS

A series of cutting tests using a single PDC (Pestalline Diamond
Compact) cutter at three different back-rake angled uniaxial compressive
tests were carried out on different rock typesudulg limestone, sandstones,
phyllite and basalt to quantify the intrinsic sgeoenergy and strain energy. The
experiment results show that, in general, the ntadei of intrinsic specific
energy, i.e. the energy to cut unit volume of raskncreased as the inclination
of the cutter increases from 15 to 30 and 45 degiie2 the back-rake angle,
from 15 to 30 and 45 degrees, leads to a higheaddraf the energy to cut the
same amount of rock. The intrinsic specific enefigyn PDC was found to
correlate well with the UCS of rock when the baake angle of the cutting is

15 degrees.
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Table 3.1 Experimental program

LIST OF TABLES

Test type Rock Number  Total
Rock name Rock type
source of tests tests
Tuffeau Limestone France 15
Mountain Gold Sandstone  Australia 15
PDC Cutting Hawksbury Sandstone  Australia 15 45
Brukunga Phyllite Australia 15
Mantina Basalt Australia 15
Compressive All above All above France, 3,4o0r5 26

loadinc

Australia per rock
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Table 3.2 List of rock types investigated and tipdiysical and mechanical properties

Dry Young’s

Number of UCS o . UCS
Rock name Rock type Grain size density modulus
tests (MPa)
(g/cny) (GPa)

Tuffeau Limestone 4 Fine 1.53 3.4 9
Mountain Gold Sandstone 4 Fine 2.11 7.4 35
Hawksbury Sandstone 5 Fine 2.26 14.4 45
Brukunga Phyllite 5 Fine 2.81 39.1 103
Mantina Basalt 5 Fine 2.73 52.7 249
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Table 3.3 List of rock types investigated and thatirinsic Specific Energy

Intrinsic specific energysj (J/cn¥)

Rock name Rock type PDC cutter

6 = 15 degrees 6= 30 degrees 6= 45 degrees

Tuffeau Limestone 9 11 19

Mountain Gold Sandstone 26 - -
Hawksbury Sandstone 42 57 97
Brukunga Phyllite 88 151 205
Mantina Basalt 221 314 495
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ABSTRACT

In order to reliably estimate drilling performandmth tool-rock
interaction laws along with a proper rock brittlsgendex are required to be
implemented. In this study the performance of glsifPDC (Polycrystalline
Diamond Compact) cutter cutting and different drdlmethods including PDC
rotary drilling, roller-cone rotary drilling and pmussive drilling were
investigated. To investigate drilling performance rock strength properties,
laboratory PDC cutting tests were performed ored#iit rocks to obtain cutting
parameters. In addition, results of laboratory fald drilling on different rocks

found elsewhere in literature were used. Laboraaod/field cutting and drilling
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test results were coupled with values of a new fordtleness index proposed
herein and developed based on energy dissipatitbraiwvn from the complete
stress-strain curve in uniaxial compression. Tontjfya cutting and drilling

performance, the intrinsic specific energy in rgtantting action, i.e. the energy
consumed in pure cutting action, and drilling pest&in rate values in
percussive action were used. The results show ttieatnew energy-based
brittleness index successfully describes the perémce of different cutting and
drilling methods and therefore is relevant to assdrdling performance for

engineering applications.
KEYWORDS

Brittleness index, uniaxial compression, energysigegion, cutting

performance, drilling performance
INTRODUCTION

Rock drilling is an essential task in mining engneg and deep
exploration industry. In this sense, drilling perfance is one of the most
important parameters to take into account wheruasialg project feasibility and
economy. Equipment type and specifications is gisodependent on predicting
the performance of the cutting tool in the field.this sense, several attempts
have been made to assess drilling performance bglatng different rock
mechanical and physical properties with the dgllipenetration rate. For
instance, unconfined compressive strength (UCS)bleas determined as the
dominant rock property in penetration rate preditfor rotary drills (Kahraman
1999) and among rock properties, uniaxial compvessirength, Brazilian
tensile strength, point load strength and Schmatniner value have been
determined as the dominant rock properties affgctire penetration rate of
percussive drills (Kahraman et al. 2003). In tlasie manner, force-indentation
curves of indentation tests have been deemed rdl@evelop a drillability
index for the prediction of penetration rates dhrg blast-hole drills and rock
formations mechanical and physical properties (Hatan et al. 2000).

Furthermore, rock texture, grain size, density, &vvelocity, unconfined
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compressive strength, Mohs hardness and rock nrassusal parameters have
been used to build a number of drillability indiogg@dtindag 2003; Altindag
2009; Hoseinie et al. 2008; Taheri et al. 2016).

A generalised method to relate drilling performaméth rock strength
characteristics has not been developed yet. Thauuésto the complexity of
interactions among the variables involved in th#inly process encompassing
not only rock properties, but also the nature dfidg. Therefore, not only rock
properties, but also different sets of drillingdes acting on rock as well as
drilling method all have impacts on the drillingrfmemance (Detournay and
Defourny 1992; Detournay et al. 2008; Franca 2&tnca 2011; Franca et al.
2015; Hustrulid and Fairhurst 1971b; Teale 196B)this view, by coupling
relevant drilling parameters with relevant rock gedies, a reliable drilling

performance prediction method can be developed.

On one hand, to predict rock drilling performanoe @ptimisation of
drilling operation, tool-rock interaction laws, .i.the relations between forces
acting on the tool in contact with rock, are essgriDetournay and Defourny
1992; Detournay et al. 2008; Franca 2010; Frandd 2Branca et al. 2015;
Hustrulid and Fairhurst 1971a; Hustrulid and Faishil972a; Hustrulid and
Fairhurst 1971b; Hustrulid and Fairhurst 1972by).iRstance, through tool-rock
interaction laws, it was found that during rotamllichg, the Specific Energy
(SE), the work done to excavate a unit volume of rbkale 1965), accounts
for both energy consumed in rock cutting and enargysumed in friction
between the tool and the rock (Detournay and Defpd©92; Teale 1965). In
this instance, the energy consumed in pure cudtotign of rock is measured by
the intrinsic specific energy) attainable at the cutting point (Detournay and
Defourny 1992; Detournay et al. 2008; Franca 2F@nca et al. 2015). The
intrinsic specific energy quantifies the maximunttiog efficiency associated
with the optimum cutting force and its magnitud@eleds on the nature of the
rock (Detournay and Defourny 1992; Teale 1965),stimeounding pressure on
the rock (Detournay and Atkinson 2000) and thdidgltechnique being used
(Detournay et al. 2008; Franca 2010; Franca eR@l5). In the case of
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percussive drilling, tool-rock interactions aredsed mostly in the prediction of
the penetration rate and the optimum thrust. Expantal results with wedge-

shaped cutter percussive bits show that tool-motekaction can be simulated by
linear relationships in an idealised force—penigtnaturve for percussive action
and percussive penetration rate (Franca 2011; #igstand Fairhurst 1971a;

Hustrulid and Fairhurst 1972a; Hustrulid and Faishid971b; Hustrulid and

Fairhurst 1972b).

On the other hand, rock brittleness is a concefptoybe investigated as
there is not a unique criterion able to descrilok tarittleness quantitatively nor
consensus about the most suitable and reliabldebets index to apply to
different rock engineering works encountered in fiedd. For instance,
previously a number of different criteria to assessk brittleness have been
developed upon pre-peak stress-strain charactsristi uniaxial compression
experiments including ratios between elastic tetptastrain (Hucka and Das
1974) as well as strain-energy relations (Huckalasl 1974; Kidyhiski 1981).
However, those criteria are insufficient in orderdescribe unambiguously a
scale of brittleness to ductility of rock (Munozat 2016; Tarasov and Potvin
2013; Tarasov and Randolph 2011). In the same massoene brittleness
indices which are defined upon rock compressivengtth, UCS, and tensile
strength, TS, (Altindag 2002; Hucka and Das 197dhidaman 2002), cannot
describe a scale of brittleness to ductility ofkd@arasov and Potvin 2013).
This is mainly because, rock failure behaviour cdrive described by a ratio
between compressive and tensile strength and, @énecompressive and
tensile strength can be obtained from each otheadtition, those brittleness
indices cannot correlate well with the rock compnes strength. Figure 4.1
shows uniaxial compressive-to-tensile-strengtrtlbriess indices defined &3
(Altindag 2002),B, (Hucka and Das 1974) anB; (Altindag 2002), see
expressions below, plotted against the respectie& uniaxial compressive
strength values. In this figure, data found in litexature elsewhere (Howarth
1987; Paone et al. 1969; Schmidt 1972; Selim andd&L970) is plotted.
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ucs
B, =— 1)

UCS-TS
- UCS+TS (2)

2

By = Z== [MPaxMPa] 3)

As it may be seen in Figure 4.1, in general, lenitiss indicesB; and
B, are not able to describe a scale of brittlenedis reck compressive strength
increasing, i.e. a soft rock may have the saméldordéssB, andB, as a hard
rock. Thus, ifB; andB, are used to assess drilling performance of eititary
or percussive drilling, it can be expected to aledi no sound relationships
betweenB; andB, and drilling parameters for instance the drillpgnetration
rate, as demonstrated in previous studies (Altind@g9; Altindag 2010).
Although B; shows a better correlation with the drilling peagbn rate
(Altindag 2009; Altindag 2010), the foundation ofittleness B; gives
conflicting results to describe rock brittle to tlescale (Tarasov and Potvin
2013).

The discussion presented above, demonstratedrth@tder to predict
drilling performance successfully, firstly tool-toanteraction laws should be
implemented to quantify drilling. In this respeattyvas found that there are very
few studies that consider tool-rock interaction ¢bharacterise drilling
performance. Secondly, a proper brittleness inderequired to describe rock
failure characteristics in drilling. As a resultetpresent study aims at evaluating
drilling performance by taking into account botk thrilling response from tool-
rock interaction laws and by defining a new endrgged rock brittleness index
that considers rock failure behaviour which is atoledlescribe an ambiguous

brittleness scale from ductile to brittle.

In this study, the performance of two major mecbtalndrilling methods,
namely rotary drilling and percussive drilling, arevestigated against rock
brittleness capacity by the new energy-based émigds index. The intrinsic

specific energy and rate of penetration, as twonnwiilling performance

166



parameters, were coupled with rock brittlenessvdlwlate this proposal, cutting
experiments with a single PDC cutter were carrietdam different rock types.
In addition, independent rotary drilling as wellpescussive drilling results from

laboratory and field tests from the literature wesed.
NEW ENERGY-BASED BRITTLENESS INDEX

A recently developed brittleness index by Munozalet(Munoz et al.
2016) upon fracture strain-energy quantities wilndr from the area under
complete stress-strain curve of rocks in uniaxahpressive tests is proposed
herein to study drilling performance by rock bettess capacity. This brittleness
index takes into account post-peak instability maxial compression as post-
peak instability of rock during compression cartrigated as a manifestation of
rock brittleness (Tarasov and Randolph 2011). )an increase in the post-
peak energy indicates an increase of stability &é.decrease in brittleness). In
the same manner, a dramatic decrease of post-pegfydandicates less stability
of the failure process (i.e. an increase in britkes). Pre-peak and post-peak
energy relations are the basis of the proposetliemdtss index. Pre-peak energy
is considered to dissipate due to micro crackingnduhe loading process up to
the peak (Daniel C. Jansen and Edwin 1995; Jans@érShah 1997). On the
other hand, energy dissipated in post-peak regiapesents that energy
dissipated during coalescence of micro fracturggiad before peak stress and
energy dissipated in the localised zone (i.e. tlaenabed zone), which
encompasses deformations associated with the fraimand coalescence of
distributed longitudinal cracks and deformationshat localised zone (Bazant
1989; Jansen and Shah 1997; Markeset and Hilled®98§). In this framework,
the total fracture energy/(,.;) comprises of pre-peak enerdy,(.) and post-

peak energyl(,,.) and it is expressed by the following expression:
Utotar = Upre + Upost 4)

Pre-peak energy per unit volume of rock is estich&tebe the area under
the stress-strain curve enclosed by loading theis®s up to the peak stress
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and then unloading it completely. The unloadindhp@as assumed to be linear
having a slope equal # ypt (i.€. the tangent Young’s modulus measured by
external LVDTSs) as shown in Figure 4.2a. On thesptrand, post-peak energy
was calculated taking into account the area urftepost-peak stress-inelastic
strain. That is, the area under the unloaded pa&-ps&ress-strain curve
(assuming that unloading curve’s Young's modulds, is equal to loading
curve’s Young’'s modulugkvpr) and under the post-peak stress-inelastic strain
as shown in Figure 4.2a. Herein, the post-peakuraenergy was defined until

a post-peak stress level equal to about one thitteqpeak stress, i.e. 083 4,

a stress level where the stress-strain curve miteted by drawing a linear
unloading following a slope equal Byypr (Daniel C. Jansen and Edwin 1995;
Jansen and Shah 1997). In addition, an elastiggri@g) at the peak stress was

calculated by the following equation (see Figub4or the notation ol/,).

UCS?
U, =

(5)

2ELypr

Different rock types, sourced from different quasrin France, Australia
and Iran, including five limestones, a sandstong @vo granites, which are
presented in Table 4.1 (UCS is ranging betweenZ1®MPa), were tested in
order to obtain the energies quantities involvednducompression in a series
of uniaxial compressive tests under quasi-statiogtanic loading conditions.
The compressive tests complied with the applicatiba prescribed constant
lateral strain-rate of 2x1%0s as a feedback signal to control the axial lohitiv
was found to be a suitable loading rate to meatheecomplete stress-strain
response for the rocks presented in Table 4.1 esrsin Figure 4.2c. Figure
4.2d shows the relationship of energies quantitigs,; and U, with the
respective UCS of the studied rocks. This figurevehthatl, clearly increases
in a linear fashion with an increase in UCS. ThaltenergyU;,:,;, however,
increases first and then decreased as UCS increlsiestrend complies with
low energy enclosed in the stress-strain curvecdks with higher strength that

behave following class I-1l or class Il behaviow shown in Figure 4.2c. To
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guantify failure characteristics of different rockke following energy-based
brittleness index is proposed,;

Ue
By = (6)

Utotal

As can be seen in Figure 4.3, unlike a number dfldress indices
including B, B, andB; proposed in previous studies (Altindag 2009; Altig
2010), the proposed brittleness indBy_; is able to describe properly a
monotonic and unambiguous scale of brittlenesshaittleness relations with
increasing rock strength (i.e. UCS). Furthermoreitibness indexB_;
describes a monotonic and unambiguous scale tEbess with increasing pre-
peak strength parameters such as crack damagegthkti@md tangent Young's
modulus of rock. This outcome becomes relevantdeoto better understand
material brittleness associated with the progressivacture process
characterised by the typical threshold damage sssesand the elasticity
parameters. The brittleness ind@y_; scale indicates that a higher brittleness
index means that rock is more brittle which coroegs to higher strength rocks.
From Figure 4.3 a non-linear relationship havimpaefficient of correlationg?,
of 0.955 between the brittleness ind&x_; and UCS can be established by the

following expression:

BU—I — 0.56360'0056UCS (7)

The expression above is used to calculate brigkemedex of different

rocks investigated in this study from their UCSues.
PDC CUTTING PERFORMANCE

CUTTING EXPERIMENTS CONDUCTED IN THE PRESENT

STUDY

Rock cutting induces either plastic yielding orcttaee mode of failure in
the rock depending on the depth of alit(Lin and Zhou 2013; Lin and Zhou
2015; Richard et al. 2012). This is, at relativehallow depths of cut, plastic
yield mode of failure is dominant and material dedd is governed by yield

strength (i.e. strength-related failure mechanisom.the other hand, when the
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depth of cut is relatively deep, fracture modeadlufe dominates and therefore
material failure is governed by its fracture prajesr(i.e. fracture-related failure
mechanism). In these instances, unconfined compeessrength, UCS, and
fracture toughnes%, become relevant to characterise plastic yieldfeature
mode of failure in cutting, respectively. Lin antda (Lin and Zhou 2013; Lin
and Zhou 2015) demonstrated that rock cutting i described by Bazant’'s
size effect law (SEL) for quasi-brittle materiafgjch as concrete and rocks
(Bazant 1984). SEL is expressed as a function efrtbminal stresgy =
(K pear/wcd and the depth of cu,, where(F),.q is the peak cutting force
andw, is the cutter width, see Figure 4.4 for the geoyna@bd nomenclature of

the cutting test.

In this view, a series of cutting experiments usmegsingle PDC
(Polycrystalline Diamond Compact) cutter under dyezutting conditions were
carried out at depths of cut smaller than 0.5 moompliance with plastic yield
mode of failure. In doing so, as shown in Table difterent rock types (UCS is
ranging from 9 to 249 MPa) including a limestonee.(iTuffeau), three
sandstones (i.e. Castlegate, Mountain Gold and dslky), a phyllite (i.e.
Brukunga) and a basalt (i.e. Mantina), which werersed from several mines

and quarries in France and Australia, were used.

The cutting tests were performed at the AustraR&source Research
Centre (ARRC), CSIRO-Perth facilities. The cuttitests were conducted
following a standard practice suggested in a previesearch (Richard et al.
2012). The cutting device used in the experimernimiactured by Epslog SA)
is equipped with a load sensor which measuresaihgential £¢) and normal
(E€) components of the cutting force acting on theeruisee Figure 4.4). The
cutting machine is controlled by a computer progeard the data is stored into

a computer by a data acquisition system.

A consistent cut was applied to the surface oftick samples by means
of a rectangular cutter (i.e. a sharp cutter) aftiviw, equal to 10 mm. In the

tests, the cutter ran along a length of 10 cm uageescribed constant velocity
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of 4 mm/s and at a constant depth of dutThe rocks were cut at a back-rake
angled of 15 degrees in all the tests. The depth ofdut) the tests varied from
0.1 to 0.5 mm with steps of constant increment®.@f mm, in general. The
surface of the rocks was carefully prepared byimighry cuts to achieve an
even and smooth surface prior to setting the pitesttidepth of cut and start the
cutting test. By doing so, it was assured the fdionaof a groove having
constant cross-section area (i.e. a constad) at constant! in each test. Each
cutting run was performed strictly over a fresiace on the rock. Furthermore,
the formation of a deep U-type groove due to sigigescuts over a same spot
was not allowed, so the effect of sidewall frict{@atter-groove), that may cause
an additional increase in the intrinsic specifiemy spent in cutting the rock
(¢) was eliminated (Richard et al. 2010).

INTRINSIC SPECIFIC ENERGY FROM PDC CUTTING
The intrinsic specific energy, from PDC cutting can be obtained using

the following expression (Richard et al. 2012):
e =Ff/w.d (8)

Where,E¢ represents the average force on steady cuttingjitomms, d,

is the depth of the cut amg., represents the cutter widtir(of 10 mm).

The cutting response of the PDC cutter on the intaaks presented in
Table 4.2 was characterised by a linear scalingnedetweens¢ andd, as
shown in Figure 4.5a. The plot betwe&h andd shows non-zero intercepts in
all the tests. This behaviour may be associattidetpresence of friction caused
by cutter wear (Zhou and Lin 2013). Table 4.2 sumesahe values of intrinsic
specific energyd) which were obtained from the slope of the linigéng in the
F¢ — w.d plot. The values of varied from 9 to 220 J/chfior the rocks in Table
4.2 and they are in good agreement with the magmitf the UCS of their
respective rocks. This result is supporting presifidings by other researchers
(Richard et al. 2010; Richard et al. 2012) wher ititrinsic specific energy

increases with an increase in compressive strefyibk failure governed by
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plastic yield mode (i.e. strength-related failureaimanism) is demonstrated in
Figure 4.5b through Bazant's size effect law (SEl)ere cutting data at
relatively shallow depths of cut, in this case deralhan 0.5 mm, falls into

plastic yielding region.

INTRINSIC SPECIFIC ENERGY AND BRITTLENESS INDEX

Figure 4.6 shows the relationship between thensitispecific energy
(¢) from the cutting tests and the brittleness inBgx;. The values oB,_; were
calculated for the rocks from their respective UGfues as summarised in
Table 4.2 (see the values of UCS dhd; in Table 4.2). From this figure, a
strong correlation between the intrinsic specifiergy and the proposed energy-
based brittleness index was found. That is, a tadioa coefficientR? of 0.999

was yielded by a logarithmic fitting in the formof= 158LN(B,_y) + 90.

In Figure 4.6, the intrinsic specific energy, whigltreases with an
increase in compressive strength, obviously showe@easing trend in a non-
linear fashion with increasin@,_; as high strength rocks show a higher

brittleness capacity by high&y,_; values.
ROTARY DRILLING PERFORMANCE

DRILLING EXPERIMENTS FROM LITERATURE

Independent drilling data found elsewhere in therditure was used to
study the relationship between the intrinsic spe@&hergy in drilling with the
proposed brittleness ind®x,_;. In doing so, small-diameter PDC rotary drilling
tests at atmospheric pressure (Stavropoulou 200@hr@e marble rocks (i.e.
Gioia, Cervaiole and Dionysios) were re-examinedadtrulate the values of
intrinsic specific energy and brittleness indBy,.;. Table 4.3 lists these rocks
and their respective strength parameters. In tise,che small-diameter drilling
experiments were conducted using a PDC bit witlaendter of 5 mm with a
clearance angle 10 degrees. The back-rake @&niglieéhe tests was equal to 30

degrees.
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In addition, rotary drilling experiments at atmosph pressure with
roller-cone bits (Franca 2010) on two limestones. (Tuffeau and Savonniere)
and two sandstones (i.e. Castlegate and Mountaid) @ere re-examined to
withdraw the values of intrinsic specific energgrir the drilling performance
and brittleness indeR;,_; from rock compressive strength, respectively. &abl
4.4 lists these rocks and their respective strepgthhmeters. In this table, the
tensile strength (TS) values for Tuffeau, Savomi€astlegate and Mountain
Gold were obtained after conducting a series ofiBtasts (Suggested methods
for determining tensile strength of rock materid978) as part of the present
study. The drilling experiments in this case wepaducted with an in-house
designed drilling rig having a bit assembly consgbf a roller-cone bit (i.e. an
insert bit IADC 531 of 2 1/2 and non-insert bit 180821 of 2 15/16), a shatft,

and a sophisticated anvil.

Finally, additional rotary drilling experiments afller-cone bits
conducted on a sandstone (i.e. Kimachi), an arel@stt Shinkomatsu), and a
granite (i.e. Sori (A)) reported by Karasawa et (§larasawa et al. 2002a;
Karasawa et al. 2002b) presented in Table 4.4 aks@ re-examined. In this
case, all the drilling tests were performed at afpheric pressure using milled-
tooth bits (i.e. IADC 221S of 98.4 mm) and inseth bits (i.e. IADC 537X of
101.6 mm). Franca (Franca 2010) reports the detal$ analysis of the
experimental data obtained by Karasawa et al. @éava et al. 2002a; Karasawa
et al. 2002b) on the drilling response to obtaim thspective intrinsic specific

energy.

INTRINSIC SPECIFIC ENERGY FROM ROTARY DRILLING

The cutting response of PDC (Polycrystalline Diach@ompact) bits,
used in a rotary drilling, derives from a combipatiof two major actions
(Detournay and Defourny 1992): i) a pure cuttingiaacand ii) a frictional action
due to the cutter wear-flat area. The energy coesuma pure cutting action of
rock is measured by the intrinsic specific eneegyftainable at the cutting point
(Detournay and Defourny 1992; Detournay et al. 2608nca 2010; Franca et

al. 2015). In this instance, drilling efficiency iscreased when the energy
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consumed by the frictional forces are minimisedhat optimum weight and
torque on the bit to produce the optimum depthutf Quantities of consumed
energy higher than the intrinsic specific energyresent the energy consumed

by frictional processes.

The drilling response of PDC drag bits is charaster by a linear
relation between weight, torque on the bit and hiegt cut per revolution
(Detournay and Defourny 1992; Detournay et al. 2008en, the PDC bit
response in terms of the Specific Energy is giwethie following expression:

SE = g =e(1 —utan(0 +Y)) + ,u% (9)

WhereSE is the specific energy,andw are the normalised weight and
torque on the bit, respectively, is the depth of cut per revolutiop,is the
coefficient of friction in the wear flat area oblunt cutter of the bit, anelis the
intrinsic specific energy. Following this approatife values of intrinsic specific
energy for the marble rocks undergoing the smaltvrgiter rotary drilling action
in Table 4.3 were calculated. From Table 4.3, it ba seen that the values of
intrinsic specific energy varied from 88 to 125 MPa and are in reasonable
agreement with the respective values of UCS of ribeks. This result is
supporting previous findings by others (Detournayd aDefourny 1992;
Detournay et al. 2008) showing that the magnituddetansic specific energy is
very similar to the UCS.

The drilling action of roller-cone bits can be colesed as a combination
of two distinct processes: indentation and cuttingjons (Franca 2010). In the
case of rotary drilling with roller-cone bits, ek interaction laws are based
on the approach initially developed for PDC drag bs explained above. In this
framework, energy dissipation at the bit-rock iatg¢ion can be considered as a
combination of three independent processes: puringuaction, pure
indentation action, and frictional contact alon@ tiwear flat rock interface
(Franca 2010), then the drilling response in tlises is given in terms of the
Specific Energy presented as follows:
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SE =g =e(l-pd) +uy (10)

Where( is a number that characterises the ratio of thténguindentation
strength to the intrinsic specific energy. Follogithis approach, Table 4.4
summarises the intrinsic specific energy valuesherlimestone and sandstone
rocks undergoing roller-cone drilling action obtinby Franca (Franca 2010).
In addition, this table includes the intrinsic sfieenergy values obtained from
the experimental data reported by Karasawa etKaragawa et al. 2002a;
Karasawa et al. 2002b) on Kimachi sandstone, Shmalksu andesite, and Sori
(A) granite analysed and reported by Franca (Fr&@d®). These results are
also included in Table 4.4. From Table 4.4, it t@nseen that the values of
intrinsic specific energy for these different rock types varied from 14 681
MPa and they have values very similar in magnittmldhe UCS of their

respective rocks.

INTRINSIC SPECIFIC ENERGY AND BRITTLENESS INDEX

Analysis on the correlations of the intrinsic sfiecenergy and other
brittleness indices previously proposed to studg trilling performance
including B, , B, and B3, extracted from the data set (i.e. from UCS an)l TS
presented in Table 4.3 and Table 4.4, indicatesttiee is not any notable
correlations between the intrinsic specific endrgyn the drilling experiments
with brittleness indice8;, B, andB; as shown in Figure 4.7 Intrinsic specific
energy and its relation with the brittleness indgxB;, b) B, and c)B; from
rotary drilling tests. In this view, it is examinedthis section whether the new
brittleness indexX;_; can be reasonably correlated with the drillingapagters

obtained from rotary drilling.

Figure 4.8 Intrinsic specific energy from rotanyilldrg tests and its
relation with the brittleness inde®;_; shows the relationship between the
intrinsic specific energy from Table 4.3 and TaMld and their respective
brittleness indexB,_;. Here, B;_; values were calculated from the UCS
guantities of the respective rocks and they arsgmted in Table 4.3 and Table
4.4. Figure 4.8 shows that there exists a souneledion between the intrinsic
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specific energy from roller-cone rotary drillingcaDC small-diameter rotary
drilling and the proposed energy-based brittleriedex B;_;. A logarithmic

fitting in the form ofe = 169LN (B,_;) + 101, with a coefficient of correlation
R? of 0.982 were obtained which supports this staténieis noteworthy that
PDC single cutter cutting tests results also lia lagarithmic fitting curve close

to that obtained for the drilling tests resultshewn in Figure 4.8.

Furthermore, similar to the results with PDC singléer tests presented
earlier, in Figure 4.8, the intrinsic specific eggr which increases with
increasing compressive strength, obviously increasea non-linear fashion
with By_; as high strength rocks show a higher brittlenegscity by higher

By_; values.
PERCUSSIVE DRILLING PERFORMANCE

DRILLING EXPERIMENTS FROM LITERATURE

In the case of percussive drilling, tool-rock imtetions are mostly
focused on the prediction of the penetration raie selection of the optimum
thrust (Franca 2011; Hustrulid and Fairhurst 19Mastrulid and Fairhurst
1972a; Hustrulid and Fairhurst 1971b; Hustrulid dralrhurst 1972b). To
examine the application of the proposed brittlenniedex B, _; in assessing the
percussive drilling performance, independent datdrem percussive drilling
tests carried out in field conditions on a wideiefyrof rocks with a wide range
of uniaxial compressive strength values rangingnf@® to 418 MPa, reported
by Schmidt (Schmidt 1972), was used. Here, percessilling performance is
given in terms of the rate of penetration. Tabfeshows the strength parameters
of the rocks and their respective rate of penetma(PR) obtained under bit
diameter of 66.68 mm (H-thread carbide bit), opegapressure of 690 kPa,
piston weight of 2 kg and air-type flushing.

PENETRATION RATE AND BRITTLENESS INDEX
In this section, first brittleness indidgs, B, and B;, proposed in

previous studies, and their relations with the praien rate PR were examined.
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These brittleness indices were extracted from #ta set presented in Table 4.5
by Schmidt (Schmidt 1972). Results of similar asaycan be found in the
literature elsewhere (Altindag 2009). The resufthes analysis are presented
in Figure 4.9. It can be seen in this figure tiytandB, show no correlation
with the penetration rate. In additia®y does not show a correlation as good as

By _; does with the penetration rate as it is demoresdriter in Figure 4.10.

Table 4.5 reports the values of the brittlenesexi?);_; calculated from
the respective values of UCS of the rocks. FigurtO& shows the plot
penetration rate PR versus the brittleness imglgx. This figure shows that
there is a reasonable correlation between the mdioet rate PR and the
proposed energy-based brittleness inAgx;. This correlation is stronger than
others presented in Figure 4.9. An exponentiaingttn the form of PR =
39.49 B;%?° which yielded a coefficient of correlatigt? of 0.753. In Figure
4.10a, in general, the penetration capacity giwemhle penetration rate of the
rocks decreases non-linearly with an increaseittidaress indexB;;_; (i.e. with
an increase in compressive strength of the rockBjs is mainly because
penetration rate in stronger rocks drops and s&ongcks have highes,_;

values.

In order to improve the correlation between petieinarate PR and
By_; data, the penetration rate values were normalisigld mgspect to the
uniaxial compressive strength, i.e. by dividing thenetration rate by the
respective UCS of rocks producing the normalisedepation rate PRN =
PR/UCS. This normalisation has also been propasgdsed in previous studies
on the application of brittleness index to predicling performance (Altindag
2009; Altindag 2010).

The results of normalisation, in Figure 4.10b, shbat the normalised
penetration rate values PRN decreases non-linealyhe brittlenes®,,_,
increases and a correlation coefficieRt of 0.914 was yielded with an
exponential fitting oPRN = 0.35 B;1*. Brittleness indiceB; , B, andB; and

their relations with the penetration rate normai$RN were also examined
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(results are not shown here). In this respecandB, were not able to produce
any correlation an@; did not show a correlation as goodRgs ; did with the

normalised penetration rate data.
CONCLUSIONS

In this study drilling performance is evaluated lnpck brittleness
capacity. In this respect, to reliably estimatdlidg performance both tool-rock
interaction laws along with a proper brittlenesdex should be implemented.
Therefore, tool-rock interaction laws together watinew brittleness index able
to picture both an ambiguous brittleness scale fiaunatile to brittle and
brittleness scale with rock strength were impleraénfThis new brittleness
index B;_;, which is based on the relation of the energyipiig®n quantities
withdrawn from the complete stress-strain curvenraxial compression, was

deemed to be relevant to this purpose.

The performance of PDC (Polycrystalline Diamond @aot) single-
cutter cutting tests and different drilling methadsluding PDC rotary drilling,
roller-cone rotary drilling and percussive drillimgere investigated against rock
brittleness capacity. PDC single-cutter cuttingeskpents were carried out on
different rock types. In addition, independent rptas well as percussive drilling
results from laboratory and field tests, found hie titerature, were used. To
quantify cutting and drilling performance, the insic specific energy, which is
the energy consumed in pure cutting action, antindyipenetration rate values
were implemented. The results show that the nenggrbased brittleness index
By _; successfully describes the performance of theeduclitting and drilling

methods.

In addition, the performance of several brittlenesfices which are
proposed based on relations between compressiveensitk strength, i.e8; ,
B, andB;, were investigated and compared with the propbskiteness index
By_;. These brittleness indices, however, are not tbpuantify rock failure

behaviour and cannot correlate well with rock gjten As a result, no
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correlation was found between brittlend®s and B, with either cutting or
drilling performance parameters. Brittleness inflgxshowed some correlation
with drilling performance parameters, however,lIirdalling cases,B; showed
weaker correlations with drilling performance paedens as compared to the
correlations obtained by,_;. The brittleness inde®;_; proposed in the
present study offered the strongest correlatiorm whe drilling performance,
either case cutting, rotary or percussive drillifiderefore, the new energy-
based brittleness index is deemed to be relevaasgess drilling performance

by rock brittleness capacity.
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Figure 4.4 a) PDC cutting test at shallow deptbutfand b) geometry of
cutting and forces acting on the PDC cutter
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LIST OF TABLES

Table 4.1 Rocks investigated to develop a energgdbarittieness indel,;_;

Rock name Rock type UCS (MPa)
Tuffeau Limestone 7
Savoniere Limestone 24
Hawksebury Sandstone 33
Massangis Limestone 84
Chassagne Limestone 123
Harcourt Granite 139
Alvand Granite 182
Rocheron Limestone 215
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Table 4.2 Rocks tested for PDC cutting performance

Rock name Rock type UCS (MPa) € (MPa) By_;
Tuffeau Limestone 9 9 0.59
Castlegate Sandstone 16 15 0.62
Mountain Gold Sandstone 35 26 0.68
Hawksbury Sandstone 45 42 0.72
Brukunga Phyllite 103 88 1.00
Mantina Basalt 249 221 2.27
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Table 4.3 Rocks for PDC drilling performance anitleness index

Rock nam& Rock typé? UCS (MPafY TS (MPa)? e (MPa)® By_,?
Gioia Marble 101.7 7.5 88 1.00
Cervaiole Marble 117.1 9.4 125 1.08
Dionysios Marble 94.2 8.2 103 0.95

@) Data from literature (Stavropoulou 2006)

@) Calculated by the authors
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Table 4.4 Rocks for roller-cone drilling performaraend brittleness index

Rock nam& @ Rock typé? @ UCS (MPa) TS (MPa) e (MPa)® By_;®
Tuffeau Limestone 10 0.86% 14 0.60
Savonniere Limestone 65 2.2¢% 33 0.65
Castlegate Sandstone R4 1.258% 15 0.61
Mountain Gold Sandstone ) 211 32 0.65
Kimachi Sandstone 2 4.22 42 0.72
Shinkomatsu Andesite 128 7.7? 106 1.06
Sori (A) Granite 179 10.5? 168 1.47

@) Data from literature (Franca 2010)
@ Data from literature (Karasawa et al. 2002a; Kanaset al. 2002b)
®) Calculated by the authors.
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Table 4.5 Rocks for percussive drilling performaaod brittleness index

Rock typé? UCS (MPaf? TS (MPaf? PR (cm/min}Y PRN® By_,®
(cm/min)/MPa
Iron 418.6 14.6 13.21 0.03 5.87
Schist 208.1 7.5 20.83 0.10 1.8
Pegmatite 89.6 8.6 34.29 0.38 0.93
Quartzite 2225 17.6 34.8 0.15 1.95
Argillite 220.7 18.4 18.29 0.083 1.93
Dolomite 97.0 4.2 52.32 0.53 0.96
Mankato 125.1 6.4 91.44 0.73 1.13

(Continues below)
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Rock typé? ucs (MPay® TS (MPafY PR (cm/min}Y PRN®@ By_;®
(cm/min)/MPa

Quartzite 156.4 15.8 32.51 0.20 1.35
Quartzite 307.2 20.7 21.84 0.07 3.14
Granite 154.6 9.1 26.42 0.17 1.33
Granite 203.5 13.0 22.86 0.11 1.75
Granite 1711 12.5 315 0.18 1.46
Basalt 286.8 28.2 17.02 0.05 2.80
Limestone 99.8 5.7 48.26 0.48 0.98
Taconite 360.9 30.4 21.34 0.05 4.25
Taconite 368.3 22.2 15.49 0.04 4.42
Taconite 364.5 28.8 13.97 0.03 4.33
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Rock typé? ucs (MPay® TS (MPafY PR (cm/min}Y PRN®@ By_;®
(cm/min)/MPa

Diabase 374.7 24.9 21.34 0.05 4.58
Gabbro 208.0 15.1 27.69 0.13 1.80
Trap 68.8 5.1 46.23 0.67 0.82
Anorthosite 131.4 10.5 40.64 0.30 1.17
Basalt 186.3 13.9 33.78 0.18 1.59
Marble 127.5 7.0 38.1 0.29 1.15
Gabbro 176.1 12.7 28.45 0.16 1.50
Iron 225.3 11.8 32.51 0.14 1.98

@) Data from literature (Schmidt 1972).

() Calculated by the authors
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