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Modelling wear of drill bitscan increase the efficiency in the drilling operations.
Related to the subject, it is aimed to investigate the wear mechanism of drill bits. Wear
in drill bits is influenced by many factors related to the drilling and rock properties.
The type and intensitof wear are dependent on several complicated factors that are
required to be considered in anticipating the rate of wear in the field and laboratory
conditions. The laboratory tests have been performed in order to specify the
relationships between thetbivear rate and the physioeechanical properties,
drillability, abrasive properties, and brittleness of rocks. Statistical analysis has been
used to obtain equations for estimating the bit wear rate based on the rock properties.
In this work, an ensembltechnique is used to estimate the confidence interval and the
prediction intervals for the regression models. This paper summaries the rock
properties and bit wear mechanism, and argues the options to determine the bit wear
rate. The test models indicateat the rock properties can give an idea of bit wear.
They also show a good correlation between the bit wear rates. Also some models are
developed to represent the wear quantification, and an approach is suggested in order
to estimate the bit wear rate.eltesults obtained from studying the developed models

provide a good agreement with the performance evaluation ovdLeHQW GULOOLQJ

which provide an indirect evaluation of drill bit wear rate during a drilling process,
which can help to reduce the spiecienergy consumption and lower costs for the
exchange of drill bits.

1. Introduction

Drilling of rocks is one of the most demanding
operations in surface mining and underground
engineering.In the recent years, nderground
mine, openpit mining, and quarries and tunnel
drilling processhave increased fdhe excavation
purposes, whiclcannotbe carriedout without the
use of drill tools. Therefore, drill tools are
considered to be an importaissue ina drilling
processbhecausehe cost of drilling tools is quite
high in the total project cost Thus bit wear
prediction is considered @ important issue in
planning and designing @illing processDrill bit
wear isone of the mogtnportant input parameters for
the tunnel project desigreThis is done using the
development models.

In the civil and mining engineering industrial
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applicationsthe bit wear rate isusuallyobserved
depending on the drillingme or the performance
time of drilling rig, and it shows a typical behavior,
which is similar tahedependence of drill bit wear
onthedrilled length[1].

The bitweardefines theateof materialremoval
from the bit.The bitwearis an importanparameter
usedto calculate thebit consumption and wear
costg[2, 3]. The bt wear in rock drilling is a major
factorinvolvedin determining the drillingost,and
may determine the drilling method for a given rock
[4].

Many researchers have reportethny studies
related tahebit-rock interactionsOne of the main
factors affectingthedrilling processs bit wear. A
seriouswear on the bit leads to the delay an
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drilling process, which certainly brings about
increased project costsay[5], Willis and Johnson
[6] havereported that theibwear is one of the
main factors affectingthe drilling costs and
penetration rate. ®refore, the key aspect to
decreasethe drilling costs isto determinethe
interactions betweethe rock properties andhe
rock bit according ta particular drilling process.

Singh and Alanj7] haverevealed thatme of the
important poing aboutrock excavation is thahe
drilling tools arein interaction withdifferent types
of geological structures Some of the dominant
rock properties such asniaxial compressive
strength (UCS),tensile rock strength, elasticity
modulus, abrasivityandrock structureaffect the
drill performance duringrock excavation.

The high production rate and efficiency of
drilling machines is essentifbr the profitability
and productivity in modern mining sites. However,
bit wear severely affects the advance rate of the
machines irthedrilling conditions, resuibhg in the
increasing cost and project del&Some research
workshave been performed to get a pogrilling
bit with an optimum shape and optimum abrasive
material in order to extend its life under different
drilling conditions|[8].

The form of bit wear widely depeadn the bit
temperatureT he bitvelocity is the main parameter
involved in influencing the bit temperature.
Therefore, a practical approach is to keephite
temperature below the critical value athigher
velocity [9]. Thuro [10] has shownthat some
specific rock properties and geological factors
significantly influence thebit wear and drilling
rate. Ersoy and Wall¢l1] havedemonstrated that
bit wear depends on the size of drill cuttings.
largersize ofthedrill cuttings cause arapid wear
in impregnated diamond core drilling bits, thereby
reducing the penetrationtea

Howarth and Rowlandd 2] have statedhatthe
rock hardness cannot be determined and described
byasingle physical propertyrhey also pointed out
that the petrographic properties can be used
order to determin¢he wear tool. Warren[13],
Burgess[14], Falconer and Normorfl5], Kuru
and Wojtanowicz[16] have carried out research
works ona torque modein orderto demonstrate
the effect of tooth wear on drilling-his modelis
based on a mechanigaficiency logthat uses the
penetrationrate datg and rotation speed and
measuremenhile drilling the torque and weight
on bit.

Rabinowicz [17] has statedhat the previous
methods for determining the wear are basethen
empirical equationsNing and Ghadiri[18] have
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developed a wear model for materials uraigrear
loading. The surface damage in consideration here
is the elastiglastic damage by the propagation of
thelateral cracks atheparticles are loaded and slid
against each other by shearibhtytchings[19] has
investigated abrasive wear involving the removal
of material by plastic deformation. This model is
based on assuming that the abrasive pastate
represented as a coneseimiangle being dragged
across the surface of the material under
indentaton pressure. Rabinowicz[20] has
developed an abrasive wear modiel order to
improve the quantification of thewo-body
abrasive wear. This model figures the process of an
abrasive grain sliding over a distaneghile the
grain is pressed upon a givenfage with a force.

Abrasive wear is the dominant type of wear
occurring in drilling due to the drilling mechanism
of the bit cutters against rock formation.elear
type causesa serious damage to the drill band
therefore, many engineers have assessed means of
wear quantification to understand the material
resistance against it and how it canrbi@imized
Various wear models have beeassumepd
however mostof themare only relevario specific
caseg21].

Mori et al. [22] havestudied the development of
the materials that are highly resistantwear and
chipping to prolong the life of the roller cone insert
bits during drilling hard abrasive rock¥he test
results showed that these manufactured insert
samples achieved more than eight times the wear
resistance of traditional inserts.

Dupriest and Koederitf23] havestated thathe
specificenergydisplaysa gradual slow riseyhich
is an indication oacontinuous bit weafThis mean
that bit wear igneffective specific energyln other
words, dramatic increases of the specific energy
values correspond #severe bit wear.

A drilling processs widelyin A X H Q F tHebitE \
rock interaction. A theoretical model habeen
advancedn orderto calculateheforces appliedo
thedrill bits [24].

Thedrilling performance depends upon the drill
bit life. The drill bit consumption is wear duo the
rock/bit interaction. A worn bit decreases the
penetration ratebecausethe drill bit cost is
expensive[25]. According to Cunhg?26], the
drilling costs may constitute up to 40% of ik
costs.

There are many methsdhvailablefor the bit
quantification Each model dependsn the field
values and the bit wear typg/]. Alemdaget al
[28] have emphasized thathe theoretical and
empirical analysis models are reliable. Saiaal
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[29] havemeasured the wear resistance of drill bits
for underground drilling. Their study expressed
thatanincreasen theimpact speed accelerates the
weight loss. Adebay30] hasconcluded that the
high strength and abrasive rock parametexdine
the drilling performanceThese parametefsadto
alow penetration and high wear rate. Piret al
[31] haveinvestigated the wear resistance of drill
bits with tungsten carbide coatirgpeidiet al [32]
haveused an image processing techniqueriter

to monitore bit wear in rotary drilling in mining.
Drilling is still very demanding in many areas
around the worldThe hydraulicrotary percussive
drilling hammersis the most common technique
for drilling, andthe button bitsare used.Drilling
occurs due to the compression and rotation of the
drill string. The buttorbits are usedn generalto
drill a wide variety of roks, from soft to extremely
hard sincethe wear of drill bits is considered a
project cost and project delay.

Various methods have beenefficiently
implemented in the drilWwells using various drill
bits in orderto gaina paramount increase ife
drilling performance and to lowénedrilling costs
associated with the drilling operation. Numerous
attempts have déen made to improve the
manufactureof drill bits using optimum materials
and design methods. Since the common &its
used in drilling, the majority of the reseamsbrks
arerelatedto theseparticular bit types.

For many years, several abrasivity measurement
techniques have been introdudecerderto permit
the engineers to forecasie bit life sincethe wear
life of the rock cutting tools often has a linear trend
with the measured rock abrasi@3].

In a literature review, it was seen thahe
previous studies generally focusedmvestigating
the effects of the abrasivityocks onthe cutter
wear, tool geometry, angle change of the cone,
cutting efficiency,specific energyand theoretical
model using different laboratory test methods
without carrying outany further investigations on
the drill button bit wear rateThe bitwear rate is
measured in accordance with the weight 3¢
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amount of drill bit wear is affected by many factors
related tothe properties of rocksin this research
work, effortswere madein orderto developthe
possible correlations dhe drilling bit wear rate
with the dominant globally recognized rock test
including the physicatmechanical property
drillability, abrasivity and brittleness index
measurement methodmcethe workwas carried

out inthe field andthe laboratoryin orderto see
how rock properties affect the bit wedihefield
data are more reliable thaihe laboratory test
results. The field and laboratory experiments
present the most direct methow predict the bit
wear rate for drilling machinassingthereal field
data The main rock properties and bit wear
mechanismsre arguedor theoptionsavailableto
determine the bit wearate Thus we developed
new regression models for prediction of the bit
wear based on the rock properties. The developed
models were confirmed usinghe statistical
approaches. These models are thought to be helpful
for the prediction of drill bit wear duringhe
drilling operations. Additionally, the types of
button tip wear is mentioned. The conclusions are
discussed with respect tioeliterature.

2. Materials and Methods
2.1.Field studies

This workinvolved the investigations made on
two highwaytunnels namelyMacka and Caykara)
in the Eastern Black Sea Region in Turkelye bit
wear ratesvere calculated othe Sandvik DT820
(Macka tunnel) and Ads Copco Rocket Boomer
282 (Caykara tunnel) drilling machines usitige
semiballistic-button bits which offer a very good
penetration and it is sufficientfor most rock
formations includinghe soft andhard rocls. Two
button bits were usefbr all the tests The button
bit diametemwas45 mm.The numbepf buttonson
the bitbodywas9 (6 gauge buttonand 3 front
buttons).The flushinghole numbersvere4 (side 1
and front 3).Thedrill propertiesaregiven inTable
1[34].
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Table 1. Drill bit roperties [34].

Buttons x button Gauge

; - Flushing hole ;
Dpmeter Naberof __dameter (") puons 0 o egh e
Gauge Centre angle Side Centre pprox. kg
R32
45 9 6x9 3x8 40° 1 3 0.8 Threaded
- & O
Shank ladapter Coupling Hex. drifter rod Button bit
I — 3 N B = R o ] = | = B
() 3 e \
't =
Percussion ' Rotation
force Feed force Fi £

Eachsemiballistic-button bitwasdrilled by 10
bores in an excavatiosaurface which had 3m
lenghts(totally, 10 x 3 = 30 min an excavation
face) The tests were performed on 11 different
excavation surface@otally, 10 x3 x 11 =330 m
for a bit) byweighingthe drill bit in each tunnel
excavation After the teststhe surface of the drill
bits was cleaned and weighedhe weight loss
abrasion wasneasured aghe drill bit wear. The
percent weight loss was defined as the difference
betweertheweight after and before the test divided

by the initial weight drill bit. Some paameters

were kept constaror all drillings during borehole

such asthe rotational pressure (55 bar), water

pressue (10 bar)and machine operatofhe feed

force (bar) andpercussionforce (bar) differed

between the maching¥able 2) In this work, the

amount of water was kept constantinth¢e1O G WHV WYV
during the drilling processhecauseavaterlowered

boththe temperature of the drill bits aftie rock

cuttings from the bore surface.

Table 2. Characteristics of machines and drill bore

Atlas Copco

Parameters Rocket Bommer 282 Sandvik DT820
Feed force (bar) 100 80
Percussion force (bar) 200 100
Rotatioral pressure (bar) 55 55
Water pressure (bt 10 10

Bit diameter (mmr 45 45
Button numbe 9 9
Water flushing number 3 3

Bit type Ballistic button Ballistic button
Bore length(m) 3 3

Bore numbe 20 20

2.2.Laboratory studies

In the presentwork, the rock blocks were taken
from 11 different points of the tunnekcavation
surfacefor the experimental studié8 point Macka
Tunnel, 5 point Caykard@unnel) five of which
were dasitic, threaverebasalt and threewere of
basaltic crystal lithic tuff rock typeEach rock
blockwascontrolled forthestandard testingf the
samples free from fractures and crackkse NX-
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size core specimens fdine expeimental testing
were prepareth the laboratorysingthecore drill
machines and sawing machindhe rock cores
were preparedn accordance with the procedure
suggested by ASTNB5].

The UCS tests wereariied out on the trimmed
core samples with a length to diameter ratio of
2:2.5. The stress rate was applied within the limit
of 0.51 MPa/s and at least five core samples from
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each rockypewere subjeedto the UCS tes{36,
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7] B, — )
The Brazilian test is a simple indice testing Y §

methodusedto obtain the tensile strength of rocks.

The testwasperformedon the core samples (NX: ¢ VY

54.7mm) having a length to diameter ratio of 1:2. B, —— 2)

A loading rate of 200 N/s was applied. The test was A 7

conducted on at least ten samples freswh rock

type and the resultebtainedwere average[B6]. \E ut\ 3)
The point load strengtiestwasperformedon the 3 2

cores having a length to diameter ratidldf. The :

where B;, B;, and B are the brittleness

load rosesteadily and the failure of tesiccurred

determined from the compressive and tensile
VWUHQJIJWKY 1F LV WKH XQLD[LDO FRI
DQG 1W LV WKH WHQVLOH VWUHQJWK

within 10-60 s The testwasrepeatedt least ten
times for each rock typand the average value was

recorded as the point load strengithe results
obtained were normalized accordingto the
standard equivalent diameter of 50 1f36].

P-wave velocities were performed othe
trimmed coresamples by direct transmission using
the Pundiplus model equipmenafter testingthe
P-wave velocities of each sample, the UCS tests
were carried out fothatsample.

Several Schmidt rebound hamntgpesareused
worldwide. Nowadays, the most widely dse
method for measuring the surface hardness of the
testis the Schmidt rebound hammer. The Proceq
Silver Schmidt instrument offers a wide measuring
range and the latest model PROCEQ Silver
Schmidt provides unprecedented benefifer the
userg38]. The tests were performed in accordance
with theISRM [39] methods.

The Cerchar abrasivity index(CAl) was
performed using an original Cerchar apparatus.
The Cerchar test waspplied to the sawn
specimens. Rockwell hardness of HRC 54/56 and
theHRC 40/42steel stylus were usddr thetests.
The tests were recorded as GAD].

The Drilling rate index (DRI) was determined by
the Sievers’dminiature drill (SJ) test andhe
brittleness value (o) test. The NTNU/SINTEF
drillability testing methods of rockaere carried
out incompliance with the standard test procedure
Dahl et al, [41] method.

In the literature, there are many differgraysto
determire the brittleness of rocks however,
description ofthe brittleness concept diffefrom
author to author[42, 43] In this work, the
brittlenessof rocks was determined from three
different models(B1, B;, and B), which were
calculated forthe test results.The brittleness
conceptsusedfrom the compressive strength and
tensile strength are given as folldwthis casgthe
brittleness may be represented by the following
equatios (Equationd-3):

19

3. Results andDiscussion

In this work, the analysisof the recently drilled
tunnels fromNE of Turkeywas carried out in order
to invedigate thebit abrasion lossIn all the
experiments, the amount of weight lossdoifi bits
was calculated by measuring the weight thie
button bit before and afténetess. Two button bits
were used ithetunnel face The bitshad thesame
total travel distance during penetration but different
weight losgsof button bits were measured. Due to
the different rock properties, the weighif the
button bits were differenThe bt wear rate varied
from 90to 177 mg/m forthe basalt and basaltic
crystal lithic tuff, respectively.

The results of the drill bit wear and rock
properties wee analyzed using the mettsarf |east
squares regressipnconfidence interval and
prediction interval

An interval forecast alwaysompriseghe upper
and lower limits between which a future unknown
value (e.g. a point forecast) is expected to lie with
a prescribed probability. Inthe real world
applications, the prediction interval isof more
practical uséhan the confidence intervabecause
the prediction interval is concerned with the
accuracy with which we can predict the targets or
the observed valugsot just the accuracy of our
prediction of the true regressiohhe confidence
intervals are enclosei the prediction intervals
and are concerned with the accuracy of our
estimate of the trueegression44, 45]

The linear curveg WWLQJ SUHGLAWLRQV ZHU

orderto define the relations among the variaples
the best fitting predictions are shown in Figutes
4. As shown in these figures, a very high
correlationwas obtained between the bit wear rate
and the rock properties forthe testing methods

within 95% congy, GHQFH LQWHUYDO DQG

interval. According tothese figures,the prediction
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interval is always bigger than the confidence
interval.

Keeping in view thedatasetresults the best fit
correlation functionsvere obtainedn the positive
linear regression analysis in the cases of UCS,
Brazilian tensile strength, point load index,
Schmidt rebound hardnesand P-wave velocity
However, in the case diebit wear rate againshe
apparent porosityhe best fit correlation was found
by applying be liner regression analysis.

The physicatmechanical properties of rocks
show a high relationship with the bit wear rafs.
displayed irFigurel, there is nincreasen thebit
wear utilized at the selectetlinnel face with the
corresponding increasetimeuniaxial compressive
strength Braziian tensile strengthpoint load
index, Schmidt rebound hardnesgginal Schmidt
and Proceq Silver Schmid@nd Pwave velocity.
However, there is a decreasebih wear with tle
corresponding increasetineapparent porosity.

By calculating the 95% confidence interval and
95% prediction interval for the mean bit wear rate
for all values ofthe mean physicatmechanical
properties of the rocks within the range of
observationswe get a 95% confidence interval and
a 95% prediction interval for the regssion ling
this can be sedn Figure 1.This figurewas plotted
to comparehe bit wear ratewith the mechanical
properties of rocksAs it can be seem this figure
the bit wear rate has a much higher wear rate in
drilling highy strong rocks. The best fit
correlations ofthe bit wear rate with UCSwvas
established wherthe regression analysisvas
applied. A very good correlation betwedhe bit
wear rate and the UGS rockscanalsobe seerin
Figurel. The relation follows a lineanodel The
equation of the line is

BWR = 1.457UCS + 17.367
r=0.97 4)

whereBWR is the bit wear rate (mg/m) and UCS
is the uniaxial compressive strength (MPa).

The highest bit wearate was measured on the
basaltic crystal lithic tuff havinga uniaxial
compressive strength of 106 MPa. Ti@gealghat
the wear of drill bit is influenced bythe rock
properties. UCS varied from 3dPato 106 MPa.
The strength characteristics of theseks varied
from medium to high strengtlit was also found
that theBrazilian tensile strengtimodelhad ahigh
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correlation among the produced models.
Accordingly, two different Schmidt rebound
hammersclassic andsilver, were introduced, and
the experimental results obtained by these two
methods were compared with the results of each
other.The Silver Schmidt (Q) valuegere found to
behigher thartheclassic Schmidt values.

The resultsobtained fromthis work were in
complete accordance with the research work of
Adebayo and Akandgl6], where thewear rate of
button drill bit increased with the corresponding
rise in the uniaxial compressive strengtfhrock.

Piri et al [31] have found a strong correlation
betweenthe drill bit wear andthe rock strength.

Piri et al [47] haveconcluded that the higher the
hardness, compressive strength, and abrasiveness
of the rock are, the faster will ltee bit wear.

Moreover, according to Majeed al [48], thebit
life increase with decrease in thBrazilian tensile
strength of rocksand vice versalhe results of the
currentwork (Figure 1) generally match up with
the findings otheearlier research wosk2, 49-52]
in the analogy thathe tool consumptionhas a
relationship withthe rock strength.On the other
hand, Ramazan[53] has found a negative
relationship betweethe cutter wear and UC&nd
point load strengtlhnd Schmidt hammer values of
rocks. He reported that the wear in the cutters
decreased withncrease in the rocitrength On the
other handhe obtainedhat therelationships were
only for very lowstrength and easHgut tuffs.

Figurel showsaplot of thebit wear rate versus
the apparent porosity valudhe physical property
values obtainedor the apparent porosity varied
from 0.68 to 2.85 fothebasalt and basaltic crystal
lithic tuff, respectively.The bitwear rate exhibits
an inverse relatiship with the apparent porosity
value. As showrin this figure there is an inverse
relatiorship betweenthe bit wear rates and the
apparent porosityalues. The equation of the line
is:

BWR =-31.02n + 182.11 (5)
r=0.8

whereBWR is the bit wear rate (mg/m) and n is
the apparent porosity (%).

As shown above, the correlation coefficients of
the bit wear ratéor the apparent porosity are very
good.
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Figure 1. Bit wear rate correlation with the physicalmechanicalproperty testswithin a 95% confidence interval
(CI) and 95% prediction intervals (Pls).
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In this work, the expectations of developing
correlations of the bit wear rate with the
NTNU/SINTEF drillability methods were carried
out. The drillability values obtained from the
drilling rate index (DRI) varied from 28 to 58 for
the basaltic crystal lithic tuff and dacite,
respectivelyThe contrast with the 95% confidence
interval (Cl) for the mean bit wear rate for a mean
drilling rate index of rockss noticeable. The 95%
prediction interval§PIs) for the range of observed
levels of mean drillability properties of rocks are
shown in Figure 2and again these widen on
moving away from the drilling rate index of rocks.
Figure 2 shows a negative linearatebnship ofa
reasonable strength betweie bit wear rate and
the DRI values of the included rock units. The
equation of the line is

BWR =-2.430DRI + 235.48

r=0.8¢ ©6)

The Cerchar abrasivity index is universally
accepted for wear prediction and estimatiothef
cutter consumptiod, 33]. Figure 3 illustrates a
relationship between the bit wear rate and the
Cerchar test values fahe HRC 54/56 and HRC
40/42 pins with a sawn surfaccondition for 11
rock units takerfrom thetunnelsurfaceduringthe
drilling operations. As expectedhere is an
increasing linear positive relationship of a
reasonable strength betwe¢he bit wear rate
(mg/m) and the CAl valugsvhich indicates that as
the rock abrasiveness increggbs bit wear rate is
increasedn a direct proportion. As expectethe
CAl values with HRC 40/4ins are higher than
the CAl values with HRC 54/5@ins for the sawn
specimensThebit wear rate exibitsahigh quality
correlation with CAlfor theHRC 40/42 and HRC
54/56 pins It was found that in practice, the
generated models were reliable and accurate
enoughin order topredict the drill bit wear of intact
rocks. The abrasion properialuesfor the Cerchar
abrasion index (HRC 482) ranged from 2.41 to
3.44 forthe basalt and basaltic crystal lithic tuff,
respectively.The abrasion propertyaluesfor the
Cerchar abrasion index (HRC 54/56) ranged from
1.36 to 2.3 fothebasalt and basaltiaystal lithic
tuff, respectively.

Figure 3 was plotteth orderto comparehe bit
wear rate and the @shar test values for HRC
54/56 and CAlI HRC 40/42. A very strong
correlationcan be seebetweenthe bit wear rate
and the CAlI HRC 54/56 and HRC 40/gids This
relation follows a lineamodel The bitwear rate
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increases with increasing CAI. The equation of the
line is
BWR = 82.523a54/56— 118.05

r=0.8 (7)
BWR = 77.878au0ia2— 18.049
r=0.95 (8)

whereBWR is the bit wear rate (mg/m) and CAI
54/56 and CAIl 40/4zrethe Cerchar abrasivity
indices As shown above, the correlation
coefficients of the bit wear rafer CAl arevery
good.

Up tothe present timen the literaturgthereare
very limited researctvorkscorrelatinghebit wear
rate with CAl, whichin generalcorrespondtothe
correlation suggested in thigork. Plinninger[2,
54] proveda model for estimation ahebutton bit
lifetime variation orthe CAl values. Majeedt al.
[48] haveproposed a logarithmic function for the
assessment of drill bit consumption basedttoa
CAl values. Bilgiret al [4] haveperformed a study

onthe PAXHQFH Rl ZHDU BREGAILFLHQW D

test results based on different field experiences.
Their study indicated that the relationship between
CAl and the wear coefficient may be used for
estimation ofthe cutter consumption. Ramazan
[53] hasfound a positive relationship betwetre
cutter wear and CAI values of rocks. He also
reported that the abrasion rabecreasedwith
increasing effective bit wear rate.

The brittleness indices calculated using three
different models were correlated with the bit wear
rate in order to investigat¢he effect of the
brittleness of the drilled rocks on the bit wear rate.
A moderate relationship was obtained between the
bit wear rate and only one brittleness index value
(Bs) (Figure4). The equation of the line is as in
Equation(9).

BWR = 0.140B + 76.648 ©)
r=0.91

where BWR is the bit wear rate and iB the
brittleness index.

The calculated brittleness index value was
obtained from a suggested model based on the
uniaxial compressive strength and the Brazilian
tensile strength of rocks. As it can be seen in Figure
4, increasing the brittleness values leads to an
increase in théit wear rate. The correlations were
very high, all the samples were within a 95% PI.
Similar correlations were found between the
mechanical properties and Cerchar abrasivity index
and bit wear rate results.
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Figure 2. Correlation between the bit wear rate and
the drillability tests within a 95% CI and 95% Pls.
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Figure 4. Correlation between the bit wear rateand
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0 200

In the earliestudies Yasaret al. [55] havefound
a positive strong relationship between the
brittleness ofthe Bs concepts andhe cutter force
and normal force of rock#n this study, a positive
strong linear correlation was found betwéeabit
wear rate andhe brittleness of B, which was
similar to the resultsof the previous resource
models. However, Ramazan[53] has fond a
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Figure 3. Correlation between the bit wear rate and
the Cerchar abrasivity index.

moderate relationship betwethe cutterwearand
brittleness (B) of rocks opposed to the results of
thiswork. He found anegative correlation between
the cutter wear and brittleness ofthe Bz value,
studied pyroclastic rocks on cutter wear in
roadheadersvith a low UCS strength Al-Ameen
and Waller [56] indicated that the broken rock
potentialcausingabrasive wear is dependent on a
combination the surface roughness of rock, mineral
hardnessand rock strength.

On the other hand, the other brittleness £Bd
B2) concepts of rocks were correlated wiitie bit
wear rate Figure5). As it could be seen inthis
figure, strong relationships (with a higt? Ralue)
were not found in the correlation resultecause
the range of variation of Band Bwassmall, and
the rocks with different strengths may have the
same stress ratimf B; and B [57]. Kahramar{58]
hasreported that there ia variationbetweenthe
formulations of brittleness. Thuke formulations
have been used separatelytie rock properties
depending on its practical ugethe earliestudies,
Goktan[59] hasfound no relation betweeherock

brittleness of Band the cuttingef FLHQF\ RI FKLVHO

SLFNV $0W G2 @ind no meaningful
correlations betweethe brittleness of B and B.

Kahraman[58] has investigated that theris no

relationship betweethe brittleness of Band B

and the penetration rate thie percussive drills.
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Figure 5. Correlation between the bit wearrate and the brittleness of Band B.

The gauge buttons of drill bit are exposed to axial In the previous studiesthe researchershave
forces (Figure 6). In these wear typesthe bit investigated the classification systewsh the bit
penetrates deeper into the rock mass andevaat wear type and according to these studies
lot of rock detritusandthusboth gauge buttons and classification of théit wear type can be used as a
bit body are exposed the abrasive material. The fingerprint of the wear procesbhe wearof thebit
tool body wears faster than the gauge buttons. Thus bodyis a typicaleventfor drilling the weakand
the gauge buttons mayme looselue to missing abrasive rock typesWhen embedding isnot
theembedding or gauge button breakage. sufficient they maydisplaceor easily undergo

buttonbreakagg?2, 54].

» Gaug; button

-

Figure 6. Gaugebuttons of drill bits.

The wear flat generated on the cergéthe button movement adt each excavation tunnel
button bis in the mode of abrasive we& surfacein orderto analyze the progress of the
shown in Figure 7. The button bits were wear flat diameter on theution

thoroughly observed at various stages of the
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After

After

driHlng. ; drilling

Figure 7. Button tip wear in button bits.

A goodcementedutton hasalways been able to
handle that type of load with minimal risk of
breakagebecauseit has a significantly higher
resistance to that type failurehe goodcemented
carbide bits reachegrovedto exceed the average
bit life (Figure8a).

Cemented carbide is one of the most successful
composite engineering material. Its unique
combination of strength, hardnessd toughness
satisfies the most demanding applicatidfg].
When drilling in norabrasive materials, where
carbide wear is minimalthe extended drilling
intervals are possiblé2].

(a

Journal of Mining & EnvironmenVol. 12, No. 1, 20z

The gauge buttons of a drill bit arasually
exposed toheaxial forces. When the bit wears, the
load angle changes and the risk for button breakage
increases Kigure 8b). Wear to the cemented
carbidebuttonon the periphery of the bit is very
high, causing a reduced taper to develepich
diminishes the clearance dfet bit[61]. In some
materials such as hard sand stone and quartzite, the
wear tends to be greater on the bit circumference.
Thus when the buttons are sharpened, the diameter
across the gauge buttons will be less than the
diameter of the bit shoulders and the bit weéthd
to bindto the hol€e[62].

(b)

Figure 8. Failure of gauge button

Tool wear is an importanparameterin the
project costand productionef¢, F L H Qdndl thus
the shape and geometryf the tool bits are
important parameters for determining the
ef¢ FL HQ F\rdRKtdsl FoHthe penetration rate.
Cemented carbide and hardened steel nieateol
bit and body materiafrespectivelyThe cemented
carbideis for the tip anchardenssteel for the tool
body since carbide tips are suitable for a
combination of hardness, thermal resistance

25

properties, high compressive stgth and high
impact resistancelhecemented carbidstructure

has very hardtungsten carbidegrains glued
togethemwith cobalt[63, 64]. Bellin et al. [65] have
shownthat using sintered grains of fine diamond
provide a more resistance against abrasion and
gives a lower wear rate, while coarse grains of the
material have better toughness against impact and
ahigherwear rate.
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The drill bit wear depends on the rock drilled
through and it is affected btherock minerals and
the amount of crushed rock in the bore hole. A
decreased rotational speed would also have the
eject of wear bitdecause @00 high speed will
result inanexcessive wear on the drill string.

The wear rates of the drill bits pir between the
rock properties. When the hardnessaafock is
increasedthe wear of the bitis increased. During
a strong rock drilling the bit is rapidly worn ¢,
exposing the diamonds, which leads to a large
material loss of the sample during that run and a
large wear rate.

The design of the drill bit and the shape of the
buttonshasan important effect othedrill bit wear.

A too fast wear of the bits shomwrong selection,
resuling in an increase itheprojecttime and thus
the processing cost.

4. Conclusiors

In this work, the effects of the physico
mechanical propertiesglrillability, abrasivity and
indirect brittleness test die bit wear rateduring
drilling operatiols were investigated For this
purpose, some specimewereobtanedfrom two
drilled tunnels in Turkey and tested in the
laboratory. The physicemechanical properties,
drillability, abrasivity and brittleness of rocks were
obtainedfrom the laboratory tests. The bit wear
rate and the laboratory test results were statistically
analyzed usinga simple regression analysis
method The following conclusions/ere made

X  The testresultsshow a harmony witta 95%
confidence interval and 95ptediction intervad and
thesignificance level of P 8.05.

X A strong positive linear correlationwas
obtained between the bit wear rate andthe
mechanical properties of rocks including the UCS,
Brazilian tensile strength, point load index, Schmidt
hammer(classic ad silver) and Pwave velocity.
Theserelationships showed that the bit wear rate
increased withincrease in the rockstrength
Similarly, anincreasinglinear positive relationship
was found betweenthe bit wear rate and the CAI
values and indirect brittleness of Brhichindicated
that as the rock abrasiveness and brittleness in¢rease
the bit wear rate is increas@dadirect proportion.
The rock abrasiveness and rock strenig#ve a
significant influene on the bit wear. However, a
strongnegative relationshigvas found between the
bit wear rate andhe drilling rate index andhe
apparent porosity values of rocks. These
relationshipsshow that the bit wear rate in the
drillings decrease withincrease in theapparent
porosity and DRIof rocks. This work provided a
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good agreement betwedéme trends of the bit wear
and the rock propertie#\ reliable correlation was
not found between the bit wear rate atle
brittleness (Band B) values.

X  The bit wear rate dhedrilling machines is one
of the important parametergnvolved in the
mechanical drilling project#ll t he drilling tookare
affected by various types afaks andthegeological
surroundingsincluding the rock strength tensile
strength abrasiveness, arrdck structure

X The resultsobtained from thigesearchwork
showed that thebit wear ratewasnot related to the
abrasive mineral content alone, and the teas
largely influenced by thdéype and degree dhe
cementation materialsdck strength

X The amount of bit wear rate depends on the
properties of rocks, abrasive mineral content, tool
material compositionand operational conditions.
The button type and design also considerably affect
thetool wear.

X The wear of drilling bitswas examined in
di jerent rock typesThese resultsbtainedshowed
that the increased strength of roekslabrasivaess
increased thbit wear rate.

X In this work, severaldrill bit wear models
including the linear and nortlinear ones were
developedand therthe bestpossible variants were
selected among thenAdditionally, the developed
modelswere comparedwith each other and other
models in the literaturdt can bestated thathe
modelsdevelopedising theaccessible equations are
precise enoughn order to estimatehe drill bit
wears.

X  The nodelsdevelopedn thiswork aresuitable

for estimating the drill bit wearhowever the
Cerchar abrasion index and the uniaxial compressive
strength ofthe rock modelsare the most accurate
ones among them. Further, these modmsbe used

for similar rock typesn orderto estimatethe rock
brittleness; however, the resutibtainedareopen to

be improved and generalizeddoreover,the failure

of the gauge buttons ancenter button bitsvas
investigated while the gauge buttons and bit body
were exposed tothe abrasive material and rock
detritus. The bit body wears faster than the gauge
buttons. Thushe gauge buttons maye displacel
dueto thelack of embedding ofhebuttons.A good
cemented button decreases the bit wear and increases
the average bit life.

X  The success @fproject managemeihtaslinks
with the cost, time and quality.The ol wearis an
important parametenvolved inaproject efficiency
and the shape and geometry of the tool bits are
important parametergvolved in determiningthe

ef¢, FLHQF\ RI WKH URFN WRRO IRU SHQHYV
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X  Thiswork providedsome beneficial models
orderto helpthe engineers and contractor timeir
future plansand the cost estimation of tlokilling
project.The ejects of rock properties on the bit wear
rate contribute tthesuccess of seléng thedrill bit.
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