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ABSTRACT: Since the introduction of polycrystaline diamond compact (PDC) bits in the mid-1970's, their
applications in the Mining and Oil industries have significantly advanced drilling technology. The drilling
performance of these bits is influenced by a range of factors, however, the principa factors which need to be
considered in predicting drilling rates are the bit, the bit operating parameters and the characteristics of the
penetrated rock. A variety of rock types were drilled using two types of PDC and impregnated diamond core
bits using afully instrumented laboratory drilling rig at different rotational speeds and over a range of weights
on hit. A wide range of minerdogical, textural, mechanicad and intact properties of the rocks were
quantitatively determined. The effects of the operating parameters and penetrated rock characteristics on the
performance of the bits were examined Comparisons of the optimum performance were made between the

PDC and an impregnated diamond core hit.

1 INTRODUCTION

Developments in polycrystalline diamond compact
(PDC) production techniques have enabled the
manufacture of a rectangular "pins' of materia
which have been incorporated into various forms of
core bits. Although PDC have existed for more than
40 years, the materia and its applications are il
being developed. Unfortunately, early and possibly
injudicious trials during its development led to much
adverse pre-judgement and prejudice. Much of this
adverse reputation has been founded upon ignorance
of the proper use of PDC and the necessary expertise
required to get the best from it. Thus, earlier PDC
applications and bit design (between 1954-1970)
generdly experienced poor and uneconomical results.
Real advances in drilling efficiency were achieved in
the early 1980s. Since then, PDC bits have been
economically employed for soft, medium hard and
abrasive formations in oil fidd and mining
applications.

PDC hit designs have been reviewed by Feenstra
(1988). Among other topics that have received
attention are wear mechanism and sdf sharpening
effect (Glowka and Stone, 1985; Glowka, 1989;

Snor and Warren, 1989; Brett et a., 1990;
Wojtanowicz and Kuru, 1993), rock cutting
(Cheatham and Daniels, 1979, Swenson et al., 1981;
Zijding, 1987; Glowka, 1989), drilling action of the
bit (Detoumay and Defourny, 1992), bit performance
(Black et a., 1986; Warren and Armogost, 1986;
Warren and Sinor, 1989; Glowka, 1989). All of these
refer to PDC non-core bits and most were concerned
with a single cutter-However, little attention has
been given to the effects of the operating parameters
and a wide range of rock characteristics on the
performance of PDC core hits.

Drilling tests both in the field and in the laboratory
are indispensable in evaluating the performance of
specific bit designs, to facilitate operating parameter
determination and selection of appropriate bits for
particular applications. The overal performance of
any drill bit is complex and is effected by numerous
factors which include the operating parameters of the
bit, the rock properties, the bit type and design, wear
characteristics, drilling fluid properties and flow
mechanics, hole characteristics, capacity of the
drilling machine, accuracy of the monitoring system,
time, climate and operator or crew efficiency
However, the principal factors which require



consideration in predicting drilling rates are the
operating parameters of the bits and the
characteristics of the penetrated rock These factors
are examined in this paper together with comparisons
of the optimum performance of the bits under similar
drilling conditions in different rock types

2. COREBITS TESTING

The variety of diamond bits available for rock drilling
has increased considerably in the past few years with
the introduction of new PDC pin products Three
types of core bits are now produced natural surface
set bits, impregnated synthetic diamond bits, and bits
set with synthetic PDC pads or pin inserts. Each type
includes variations in face geometry, matrix
composition, diamond or PDC size and shape, and
optima operating conditions.

In this study, drilling trials were conducted in
limestone, siltstone, sandstone, granite and diorite
using PDC and impregnated diamond BQ (ID 36mm,
OD 59mm), wireline, core bits, as illustrated in
Figure 1, on a fully instrumented laboratory drilling
rig. Two types of PDC bits, pin and hybrid, based on
the "Syndax3" product were tested Syndax3 is a
solid, unbacked, polycrystaline diamond product,
which is thermally stable to 1200 °C in a reducing
atmosphere (Tomlinson and Clark, 1992). The PDC
bit crown consists of two components, matrix and
cutter. In conventional PDC bits, matrix is mainly
made up from tungsten carbide-cobat (WC-Co)
Many cobalt based PDC products progressively
degrade when heated to 750°C or above, due to the
presence of a residua solvent/catalyst. There was no
cobalt used in the PDC bits in this study, instead a
ceramic (mainly silicon carbide) secondary phase was
used, which is chemicdly inert and has a smilar
coefficient of thermal expansion to that of diamond
In addition, there is no substrate to introduce
problems of differentid therma expansion. The
matrix also contained smal amounts of Cu, Ni, Zn,
Fe and Mn The cutting materia was made of
polycrystalline diamonds in the form of a rectangular
bar of approximately 2 mm section. Syndax3 pin bits
are manufactured by the infiltration route, using the
same techniques as for other PDC products. Shalow
holes are drilled into the graphite base plate in the
selected pattern setting and the pins smply glued into
position vertically. Severd pins are usualy positioned
for gauge maintenance, reinforced by additiona
carbide wear strips and natural diamond kicker
stones. The number of pins used in a bit and pattern

setting design will depend on the formation for which
it is intended. From the drilling trids, it has been
experienced that a PDC core bit that contains fewer
pins should be used for hard rock drilling, and a hit
which contains more pins is used for soft and
abrasive rock drilling. The pin bits used had atotal of
sx segments and each segment contained eight
Syndax3 pins and 5 or 2 carbide strips which were
symmetricaly placed around the outside and inside
edges

The hybrid bit is essentidly an impregnated bit
enhanced with Syndax3 PDC pins This concept was
termed "hybrid" to identify the dudity of the cutting
structure. As the pins extend the full depth of the
impregnated matrix, the normal serrated face profile
can be maintained which has the advantage of
providing an aggressive drilling action with good
directional stability However, in conventiona bits
the serrated profile is lost in very hard formations
due to wear of the bit face As the hybrid bit enters
harder formations wear of the PDC brings
impregnated diamond particles into contact with the
formation. Support of the PDC pins with the
impregnated diamond matrix can also enable greater
weight on bit to be run with a reduced chance of
cutter breakage due to the cutter overloading. The
hybrid bit has six or eight segments and each segment
contains four Syndax3 pins Matrix impregnation of
the hybrid bit utilised synthetic diamonds with a
blocky and cubo-octahedral shape of 30-40 US mesh
(~ 600um in diameter) at 40 concentration.

The impregnated bit also had eight segments. It was
manufactured using a soft matrix material, SDA 100
synthetic diamonds of 30-40 US-mesh (~ 600um in
diameter), a 40 concentration. The synthetic
diamonds were uniformly distributed through the
matrix of the bit. All bits had sx or eight 3 mm wide
waterways which were symmetricaly placed.
Materials and design characteristics of the bits are
givenin more detail elsewhere (Ersoy, 1995)

The operating parameters of the drill bits, rate of
penetration (ROP), weight on bit (WOB), rotational
speed (RPM), torque and drilling specific energy
(SE) were monitored on a computer controlled
logging system. Water was used as flushing medium
and the flush flow rate was held constant at 601/min
during al the drilling trials. The WOB and RPM are
considered independent variables, whereas the other
parameters are considered to be dependent variables
determined by the bit type, rock type and rotational
speed. Each rock was drilled using each bit over a
range of WOB and a three different nomina
rotational speed (550 rpm, 1150 rpm and 1650 rpm).



These speeds reduced over a sndl range with
increasing torque Therefore, for each bit a range of
drilling data is given for each rock, at each different
RPM and applied WOB Full results obtained from
drilling trials are given elsewhere (Ersoy, 1995)

3 ROCK PROPERTIES

Any analyss of bit performance must include
consideration of the properties of the rocks Rock
drillability or cutability cannot be defined by a single
index or measured by a single test since there is no
single rock parameter which can adequately define
the breaskage characteristics that predominate in a
variety of different drilling techniques A wide range
of laboratory tests including mineralogical, textural,
chemical, physical and index properties andyss have
been conducted on the drilled rocks

Mineral type and content were determined from
rock thin sections The textural characteristics are
grain, size, grain shape, degree of grain interlocking,
grain orientation, relative proportions of grains and
matrix These were quantitatively measured using an
automatic image andyss system and used to derive a
texture coefficent (TC), which models the
interaction between the rock texture and the drill hit,
as a dngle number Total dlica content was
determined using X-ray fluorescence The mechanica
properties measured were, uniaxia compressive
strength (UCS), indirect tensile strength (BTS) and
Y oung's Modulus which were determined according
to ISRM suggested methods (Brown, 1981) Index
tests included overall Moh's rock hardness and Shore
Schleroscope hardness number, Cerchar abrasivity
index, dynamic impact abrasive index (DIAI Al-
Ameen and Waller, 1992) and Schimazek's F-
abrasivity factor (Schmazek and Knatz, 1970) These
characteristics are presented in Tables 1 -3 Note that
methodology, procedure and equipment used for the
above tests together with detailed rock description
are given elsewhere (Ersoy 1995)

Table 1 Textural and mineralogical properties of the
rocks

Rock TextureGrain Gran Quartz Silica
types coeff dze  shape content content
(mm) factor (%) &%)

Limestone 144 0744 0512 0 000
Sandstone 126 0410 0597 83 9122
Siltstone 047 0085 0677 59 81 62
Granite 227 0703 0468 34 7238
Dionte 245 0241 0480 0 51 57

59

Table 2 Mechanica properties of the rocks

Rock UCS BTS Young mod Density
types (MPa) (MPa) (GPa) (gm/cm®)
Limestone 28 17 286 974 223
Sandstone 3745 321 985 227
Siltstone 9054 749 1770 239
Granite 10615 860 1978 261
Diorite 37520 3026 3738 299
Table 3 Intact properties of the rocks
Rock Moh's Shore Cerchar DIAlI  F-abr
types hard- hard- abr @ factor
ness ness ind (N/mm)
Limestone 2 85 19 063 150 006
Sandstone 644 41 383 6839 113
Siltstone 551 51 170 4423 041
Granite 574 85 375 7076 302
Diorite 595 95 331 7241 248

4 INFLUENCE OF DRILLING VARIABLES ON
THE DRILLING PERFORMANCE

The optimum data for the bits were extracted from
each series of results using a criteria based on
maximum ROP at minimum drilling SE or vice versa
SE gives a very good indication of bit performance
Thisisillustrated in Figures 2 and 3 which show the
WOB and SE versus ROP for the PDC bits in
limestone at 1650 RPM The regions of the SE and
WOB curves selected as optimum performance are
shown between vertica delimiters These figures
show clearly that high ROP is produced at low SE
The optimum data were used for performance
comparisons of the bits and in the correlation matrix
of operating parameters and rock properties Figures
2 and 3 adso show that increessng WOB gave
increasing ROP up to some maximum point Further
increase of WOB causes constant or little increases
or, in some cases, a decreases ROP Generally at low
WOB, SE increases, a optimum WOB, the SE
minimises, and a high WOB it increases agan
However, SE is more dependent on the ROP and
rock characteristics (textural and mechanical) than on
WOB and other parameters There were some
fluctuations in ROP with increasing WOB, especidly
when drilling the hard rocks The reductions in ROP
with increasing WOB were due to inadequate pin
exposure and the development of wear flats All the
bits showed an increase in the penetration rate per
revolution at a given WOB with decreasing rotational
speed There is a linear relationship between torque




and WOB up to the point of maximum ROP, any
further increase causes no increae in  rock
fragmentation but may increasefriction losses.

The effects of the drilling variables on ROP are
represented in Figures 4 to 10. A full set of graphs
can be .found in Ersoy (1995). The effects of RPM
and WOB on the ROP areillugtrated in Figures 4 to
6. From examination of these, and other graphs, the
following pointswer e observed.

1. ROP risesboth with increasing RPM and WOB.
However, the majority results suggest that the best
ROP was gained at 1150 rpm except for sandstone
and wherenew bitswereused in the other rocks.

2. When RPM isincreasad a given ROP could be
obtained at a lower WOB. The increase in RPM is
limited up to the capacity of the drilling machine
Increasing RPM and WOB resultsin increasng ROP.

3. Asthe RPM wasincreased the WOB required to
ugtain a given penetration per revolution increased.
A particular ROP can be obtained with lower WOB
by increasng RPM. A condderable reduction in
torquewasfound at the higher speed.

4. When the bit inserts were sharp epecialy after
drilling abrasve rocks, the WOB at a given ROP,
wasreduced at higher RPM.

The PDC bits maintain ther sharpness longer than
the impregnated bit under amilar conditions. Severe
wear of theimpregnated bit occurred in sandstone at
higher speeds.

Examples of the rdationship between torque, WOB
and ROP for theimpregnated bit in limestone and the
hybrid bit in diorite are shown in Figures 7 and 8.
These Figures, and other data, show torque as
independent of ROP. Torque is more dependent on
RPM and WOB. Increasing WOB tends to result in
reducing RPM, although the penetration per
revolution increases the overall ROP remains little
changed dueto the reduction in RPM.

Figures 9 and 10 show the reationship of SE to the
performance of the PDC bitsin limestone. There are
two main trends apparent from the examination of
SE-ROP-WOB aurface graphs Firgly, the pin and
hybrid bits in sltstone, the pin bit in sandstone, the
pin and impregnated bits in diorite, granite and
limestone show high ROP at low SE. Many graphs
also show an optimum WOB for maximum ROP at
minimum (or low values of) SE. Secondly, the
highest ROP values lie along aridge of SE. Then, the
ROP varieswith WOB showing a definite "pesk” at
particular values of WOB. It should be noted that in
Figure 10, aridgeis dgnificant and the 350 M Pa axis
line corresponds to a previoudy used hybrid bit
which, although drilling at a lower ROP, gave lower

SE. The ridge data obtained from a new bit gave a
higher ROP but operated at a higher SE.

5. INFLUENCE OF ROCK CHARACTERISTICS
ON THE DRILLING PERFORMANCE

Statigical correlation matrices of the drilling
variables (ROP, WOB, RPM, Torque and SE) with
the tested rock properties were used in the data
analyss. The optimum data were used for the
operating parameters. The tables suggested that
many of the rock properties used in this sudy had a
high degree of correation for a given rock type.

For the pin bit therewasa good corrdation of ROP
with quartz content, Brazilian tensle grength (BTS),
Young's Modulus and Shore hardness and a
moder ate corrdation with grain shape factor, texture
coefficient (TC) and uniaxial compressive grength
(UCS). A drong corrdation existed between WOB,
UCS, BTS, Young'sModulusand Shore hardness

For the hybrid bit there was strong corrdation of
ROP with dlica content and good corrdation with
TC, grain shape factor, quartz content, UCS, BTS,
Young's Modulus and Shore hardness. A srong
correlation was also observed between WOB and
quartz content, UCS, BTS, Young's Modulus and
Shorehardness.

For the impregnated bit there was d<rong
correation of ROP with shore hardness and Young's
Modulus and moderate corrdation with TC, quartz
content, UCS, BTS and F-abragvity factor. A good
reationship was found between WOB and Shore
hardness and F-abrasvity factor.

Texture coefficient has a podtive influence over
drilling performance snce an interlocked texture
presents a physical barrier to crack propagation.
Consegquently ROP is dgnificantly effected by TC.
This, together with Shore hardness, quartz content,
BTS, UCS, Young Modulus and grain shape were
dominant in the correlation matrix. The Shore
hardness measurement encompasses al gran
characterigics, degree  of cementation or
crydallisation, bonding dructure and intact
characterigtics of therocks. Quartz is an abrasive and
hard mineral which makesamajor contribution to the
wear of the bits. Also the pressure exerted by the
cutters mugt exceed the grength (UCS, BTS) of the
rock for the bit to be able to cut the formation
efficiently. Because of the interlocking, angular,
elongated and rough rock particles produce lower
ROP and higher wear rate than rocks with rounded
particles. The grain shape varies from close to zero



for very elongated and angular partices to one for
perfectly round particles

6 OPTIMUM BIT PERFORMANCE

Figures 11 through 13 show the optimum bit
performances in the various rock types at 550, 1150
and 1650 rpm respectively. From the Figures, the
following points can be summarised.

1 PDC pin bits generally show an excelent
performance in soft to medium-hard formations,
however, the impregnated bit gave dightly better
performance in hard rocks The pin bit became
polished more quickly than the impregnated bit in
these rocks A new pin bit was used in granite and
diorite A new hybrid bit was also used in granite at
1650 rpm Therefore these bits show higher
performance than the impregnated bit in theserocks

2 The impregnated diamond bit wore rapidly in
sitstone and excessively in sandgtone at al speeds
when compared to the PDC bits However the soft
matrix of the impregnated bit was not suited to the
highly abrasve rocks A harder matrix bit would
have given better wear redgtance The wear
characterigics of al the bits are given dsewhere
(Ersoy and Waller, 1995)

3 The impregnated diamond bit showed better
performance in limestone than the PDC bits at 550
rpm, it also had dightly higher performance in
limestone than the hybrid bit at 1150 rpm (Figures 11
and 12) The Limetone was tested with an
impregnated bit which had previoudy been used to
drill the abrasve sltstone This would have left the
bit with good diamond exposure giving good drilling
performance

4 PDC hybrid bit did not perform aswell asthe pin
and impregnated bits in hard rocks except for the
testsin granite at 1650 rpm, where a new hybrid bit
was used

5 The best overall drilling and wear performance
for all bits and rocks was obtained at 1150 rpm The
correponding linear cutter speed may be taken as a
guide for fidd drilling

7 CONCLUSIONS

Knowledge of the rock properties is essential for the
proper design of the bit and drilling machine, and for
the sdection of ther operating conditions It is
necessary to able to conduct drilling tests in a wide
range of rodk types because the resstance of rock to
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drilling depends to large extent upon the rock
properties and the means used for cutting. Thus a
wide range of rock characteristics wer e quantitatively
determined Shore hardness quartz and dlica
content, BTS, UCS, Young'sModulus, TC and grain
shape factor were found to have a dgnificant effect
on ROP of the bits. Many of the rock properties used
in this sudy were also found to have high degree of
correation for a given rock type

The bit performances are dgnificantly effected by
the drilling variables such asWOB, RPM, torque and
SE The PDC pin and hybrid bits produced excellent
performances in soft and medium hard rocks These
bits also exhibited excelent wear resstance
However, the impregnated diamond bit demongrated
dightly better performance in hard rocks than PDC
bits but wuffered high wear in abrasve rocks.
However, the soft matrix of the impregnated bit was
not suited to the highly abrasve rocks.
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Figure 1. lllugrations of; top, pin bit, middle hybrid
bit; bottom, impregnated bit.



WOB {kg)

NERXEXE

E 8

[

Figure 2 ROP versus WOB and SE for pin bit in Figure 5 Three dimensiond graph of WOB, RPM
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Figure 3 ROP versus WOB and SE for hybrid bit in

limestone at 1650 rpm. Figure 6 Three dimensiona graph of WOB, RPM

and ROP for the impregnated bit in diorite

Figure 4 Three dimensiondl graph of WOB, RPM  "Figire 7 Three dimensiona graph of WOB, Torque
and ROP for the pin bit in limestone and ROP for the impregnated bit in limestone




Figure 8. Three dimendonal graph of WOB, Torque

and ROP for hybrid bit in diorite.

Figure 11. The optimum performances of the bits in
rock typesat 550 rpm.

Figure 9. Three dimensonal graph of WOB, SE and
ROP for thepin bit in limestone

Figure 12 The optimum performances of the bits in
rock typesat 1150 rpm.
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Figure 10. Three dimensonal graph of WOB, SE and
ROP for the hybrid bit in limestone.

Figure 13 The optimum performances of the bits in
rock typesat 1650 rpm.




