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CaxeTak: YnaHak ce 6aBn moryhHTwuhy npoueHe npoueca 6yliewa y eekTVBHOj 30HM Kopuwhewem E-S
gujaipaua. EKkcnepMmeHT 1 Cy CNPOBeAEHN HanabopaTopujcKoj nnaTgopmu 3a GyLuerbe Npy ByLuewy Kpeytbaka
nomohy ABejy BpcTa KpyHa 3a Oylluewe ca MOBPLUMHCKM NOCTAaB/bEHUM ANeTOM Ca AWjaMaHTCKOM KPYyHOM.
MamepeHun nogauy cy obpaheHn HyMepuuykum meTogama 1 ynopeheHn ca TeopujcKuM Mogenmma, nokasyjyhu
BMCOKY carfacHoCT u3Mmelyy npopayyHa U ekcnepumeHTa. EesynTaTu cy nokasanu fa ce edmkacHa 3o0Ha
bylierba cacToju of Age hase ca pasnMuMTOM CrneunduyHOM eHeprujom v cHarom bywera. Mopehere obejy
KpyHa 3a 6yLlere yKas3ano je Ha ynopeauBy eqMKacHOCT pacnafara Kpedwaka. CTaTucTuyKa aHanusa je
Takohe NOTBpAUIA KOPUCHOCT KoedhuuMjeHTa pesatba Kao MHAWKATOpa ONTUMM3aLMje HauyuHa Oyllewa.
Mpeano>keHa MeT0A0M0MMja MMa NOTeHLMjan 3a WWUpy NPUMEHYY ApYrMM BpcTama CTeHa U MO>Ke A0NPUHET U
oNTUMM3aLMjKN TeXHONCNNja byLleway reoTepMaaHUM 6yLIoTUHaMa, PyAapcTBY UKW MHXKeHepCcKoj MeonoLuju.

K/byuHe peuun: CNELUNDUYHA EHEPTWIA; JAUMHA BYLLEHA; E - S ANJATPAM; KOE®GULIMIEHT PE3AHA; EOEKTUBHA
30HA BYTTTEHRA

Abstract: The article deals with the possibility of evaluating the drilling process in the effective area using E-S
diagrams. Experiments were carried out on a laboratory drilling rig when drilling limestone with surface-set
diamond core drill bits of two types. The measured data were processed by numerical methods and compared with
theoretical models, confirming a high agreement between calculations and experiment. The results showed that
the efficient drilling area consists of two phases with different specific energy and drilling strength. Comparison of
both drill bits indicated comparable efficiency of the limestone disintegration. Statistical analysis also confirmed
the usefulness of the cutting coefficient as an indicator of drilling mode optimization. The proposed methodology
has the potential for wider application in other types of rocks and can contribute to the optimization of drilling
technologies in geothermal wells, mining or engineering geology.

Key words: SPECIFIC ENERGY; DRILLING STRENGTH; E - SDIAGRAM; CUTTING COEFFICIENT; EFFECTIVE DRILLING AREA
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YBO/[,

Y OKBUPY EKCNepUMEHTaNHOr UCTPaXuBara
pacnafara CTeHa OyLlereM Ha Halem pajHOM
MecTy, jaBuna ce notpeba 3a Kpeuparem Me-
TofoN0rNje Koja e(UKacHO TymMauum K3MepeHe
Be/IMYMHe U omoryhaBa onTUMMK3ALM]y pexu-
Ma 6ywera. Linb oBe cTyamje je aHanusa pe-
3ynTtata Oyllerwa Kpeuyraka ynotpebom pfneTa
Maor npeyHnKa ca AUjaMaHTCKOM KPYHOM Ha
nabopaTtopmjckoj nnatopmu 3a Oyluewe Ko-
puwherem E-S (,,cneyungunyHa eHepruja“ - ,ja-
YnHa Bywewa”) gujarpama v NoBe3aHnX UHAU-
Katopa edukacHocTu. KoHLENT cneyugpuyHe
eHepruje, fAeuUHUCaHe Kao eHepruje notpebHe
3a yKNarbare jefnHULe 3anpemuHe cTeHe, jefaH
je oLy OCHOBHUX anaTa 3a NpoLeHy ehuKacHoOCTH
bywetrba jow of TuioBor KnacuyHor paga [1] v
joLW yBeK je OCHOBa 3a KOHTMHYMpPaHO npahere
M KOHTPOAy npoueca bywera [2,3].

Ca cTaHOoBMLWITA (QMU3MUKE WHTepnpeTauuje,
E-S gmjarpam npouewyje HanoH TOKOM Mehy-
COOHe MHTepakuuje anata n CTeHe KopucTehm
OUHaMUYKe BENNYMHE KOje Cy MoBe3aHe ca npu-
MEHEHMM pPeXnmMoM Oyuwewa (cuna/nputmcak,
0OpTHU MOMEHT u 06pTaju) u ogrosapajyhy
BeNIMUNHY - fy6uHY npogvpawa (Nomak anata
no obpTajy), YAMe ce CTBapa OKBUP 3a MAEHTW-
thrkaunjy eeKTMBHOT pexxnmMa OyLuera 1 KBa-
poBa (HNp. VIcTyn/bere cevyeHnLa, NpekomMepHo
Tpere, MOHOBHO Oyllere (pparmeHata CTeEHe).
Teopujckn mogenn oa3nsa byLuerba nonaTacTux
[neTa KBaHTUMUKYjY ogHOCe U3MeRy npuTucka,
06pTHOr MOMEHTa, 6p3nHEe NpPoaUpara 1 yraoHe
6p3nHe [4, 5], omoryhaBajyhu Qu3anykn KOH3u-
CTEHTHY WHTepnpeTauunjy emnupujckux Kpu-
BMX Yy E-S npoctopy. ¥ onepaTuBHUM YCNOBU-
Ma, MPUCTYN MpoLeHe MexaHWuke crneunpuyHe
eHepruje nokasao ce e(MkacHUM Yy nosehawy
6p3nHe npoguparba (ROP) n gujarHoCTUKOBaky
HeegmkacHux ycnosa [2,6,7].

CneunduyHoOCTM MaTepujana 3HayajHO yTuyy
Ha YOueHe TpeHAOBE: KO4 KOMMAaKTHUX CTeHa
(HNp. rpaHnT), NOTPOLIHA EHEepPruje je oceT/bu-
Ba Ha napameTpe 6yLUetba 1 YCoBe Hanpesarwa
[8], 4OK MpuUCycTBO WAM WHAYKUWjA MUKPO-
NyKOTWHa CMakyje noTpebHy cneungunyny
eHeprujy [9, 10]. LUTaBuwe, KNacUUYHN pagoBu
nokasyjy pasinky usmehy ctaTUukux u AuHa-

MUUKUNX TecToBa onTtepehera cunom [11], wro
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INTRODUCTION

In the framework of experimental research on
rock disintegration by drilling at our work-
place, there was a need to create a methodol-
ogy that effectively interprets the measured
quantities and allows for the optimization of
the drilling regime. The aim of this study is to
analyze the results of drilling limestone using
small-diameter diamond core bits on a labora-
tory drilling rig using E-S (“specific energy”- “
drilling strength ”) diagrams and related effi-
ciency indicators. The concept of specific en-
ergy, defined as the energy required to remove
a unit volume of rock, has been one of the ba-
sic tools for evaluating drilling efficiency since
Teale’ classic work [1] and is still the basis for
continuous monitoring and control of the drill-
ing process [2, 3].

From the point of view of physical interpreta-
tion, the E-S diagram evaluates the stress dur-
ing the mutual interaction of the tool and the
rock using dynamic quantities that are asso-
ciated with the applied drilling mode (force/
pressure, torque and revolutions) and the
corresponding quantity - penetration depth
(tool feed per revolution), thereby creating a
framework for identifying the effective drill-
ing mode and failures (e.g. blunting of cut-
ting edges, excessive friction, re-biting of rock
fragments). Theoretical models of drilling re-
sponse of drag bits quantify the relationships
between pressure, torque, the rate of penetra-
tion, and the angular velocity [4, 5], allowing a
physically consistent interpretation of empiri-
cal curves in E-S space. In operational condi-
tions, the mechanical specific energy assess-
ment approach has proven to be effective in
increasing the rate of penetration (ROP) and
diagnosing inefficient conditions [2, 6, 7].

Material specificities significantly influence
the observed trends: in compact rocks (e.g.
granite), energy consumption is sensitive to
drilling parameters and stress conditions [8],
while the presence or induction of microc-
racks reduces the required specific energy
[9, 10]. Furthermore, classical work shows
the difference between static and dynamic
force loading tests [11], which is important in
transferring results from the laboratory to in
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je BXHO npu npeHoLlewy pesynrtaTta us nabo-
paTopuje y ycnose in situ. ¥ Tom cmucny, Ko-
puctumo E-S fgujarpame n edukacHe rpaHuue
30He byLUeHa Kako 6UCMO TyMauuam ekcnepu-
MeHTe OyLlera Kpeutbaka U KBaHTU(MKOBaIU
onTuMasiHe napameTpe yHyTap asa I/11.

NABOPATOPUMICKUN
EKCNEPUMEHTATHN OEO N METO/AE

EkcnepvmMeHTanHW nporpam je cnpoBefeH Ha
XOPW30HTaNHOj NnaTopmu 3a bywewe, Cnuka
1. Mnatdopma 3a byLuere ce KOpUCTN y UcTpa-
XUNBayKe cBpxe Oyllewa ¥ UCMUTKBAKA anaTa
3a Oylwewe [0 npevyHuka 59 mm. MNnatdpopma
3a Oywewe omoryhaBa nMpuMeHy pexuma 6y-
Weka ca 6p3mHama poTtaumje go 2200 o/min u
cnomawkum ontepehewrma fo 20 kKN ca mak-
CUMANHOM AY>XWHOM Oyllera jefiHOTr y30pKa
o4 26 cm. Ilama nabopaTopuja je onpeM/beHa
ypehajuma 3a Meperwe (PU3NYKO-MEXaHUUYKUX
CBOjCTaBa CTeHa, Mepere abpasMBHOCTM CTe-
Ha, Mepetbe xabarwa AnjaMaHTCKMX anata u me-
pere BeNUYMHe 1 061MKa hparmeHarta CTeHa.

situ conditions. Against this background, we
use E-S diagrams and efficient drilling area
boundaries to interpret limestone drilling ex-
periments and to quantify optimal parameters
within phases I/1I.

LABORATORY EXPERIMENTAL
PART AND METHODS

The experimental program was carried out on a
horizontal drilling rig, Figure 1. The drilling rig
isused for research purposes of drilling and test-
ing drilling tools up to a diameter of 59 mm. The
drilling rig allows for the application of drilling
modes with rotation speeds up to 2200 rpm and
external loads up to 20 kN with a maximum
drilled length of one sample of 26 cm. Our lab-
oratory is equipped with devices for measuring
the physical and mechanical properties of rocks,
measuring the abrasiveness of rocks, measuring
the wear of diamond tools and measuring the
size and shape of rock fragments.

Cnnka 1, EKcuepuMeHLLanHa unallopma 3a 6yLUere U HheHW FasHK 4enoBu
Figure 1, Experimental drilling rig and its main parts

Tymay: 1- EnektpomoTop; 2 - KauwwHu noroH; 3 - LipeBo 3a J0BOA TEYHOCTU 3a OyLuewe;
4 - Je3srpeHa LeB ca KpYHOM 3a Oyllere; 5 - Y30pak cTeHe; 6 - AKLenepomeTpu;
7 - OKBUP 3a huKcUpare y3opKa cTeHe; 8 - XuapaynmuHu LManHapu BOCTPYKOr fejcTsa.
Legend: 1 - Electromotor, 2 - Belt drive, 3 - Drilling fluid supply hose,
4 - Core barrel with drill bit, 5 - Rock specimen, 6 - Accelerometers,
7 - Rock specimen fixing frame, 8 - Double-acting hydraulic cylinders.
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Y obom pafy ce pasmartpajy pesyntatu ekcrepu-
MeHTa/HOT OYyLLetba Kpeyraka A/1eTOM MpevyHuKa
46 MM Y KOHCTaHTHOM PeXXMMy Npu NPYMeHEHO]
6p3uHU poTaumje n = 1000 o/min 1 cnosbaTnHEM
onTtepehewy cunom F = 14KkN. KopuiheHe cyase
MOBPLUMHCKM MOCTaB/beHe AWjaMaHTCKe KpyHe 3a
OyLlere: KpyHa 3a 6ywere (16/25) n kpyHa 3a
6ywetbe (25/40). KpyHa 3a 6yLlere (16/25) uma
[mjamaHTCKa 3pHa TeXuHe 16-25 kameHa no Ka-
paty, a KpyHa 3a OyLene (25/40) nma fujamaHT-
CKa 3pHa TexxnHe 25-40 kameHa no kapaty. Anatu
3a OyLUere ce cacToje Of TPU pe3Ha CerMeHTa, ca
CNO/baLllkbUM MPEYHUKOM KpYHE 3a byLuerbe 04 46
mm 1 yHYTpaLbUM NPEeYHUKOM 04 32 mm.

MpunnkKom n3Bohera CBaKOr eKCrnepumeHTa, uc-
MyHEH je YCI0B XOMOTeHOCTW Y MOorfneay Ay>XXuHe
6yLIOTUHe jefHOT Y30pKa cTeHe (1=20 cm), 6p3u-
He poTauuje n u nMHeapHo pactyher ontepehera
cunom F fo 3agate KOHCTaHTHe BpegHocTu. Ce-
[laMHaecT OYLIOTUHA je HanpaB/beHO KPYHOM 3a
bywerbe (16/25), a 27 6yLLIOTUHA je HanpaB/beHO
KpyHOM 3a Oywewe (25/40). CBaka 6ywwoTuHa
je HanpaBe/beHa Ha Y30pKY Kpeyaka U3 Kame-
Honoma Buenape (Cnoauka), KOju je uceueH
KPY>XHOM TecTepom Ky6HOr ob/vKa gMMeH3unja
150x150x260 mm. Kpeurak je KOMMNaKTaH ca us-
MepeHoM Behom uBpcTohom. To je cefuMeHTHa
CTeHa cacTaB/beHa 0f kanumuTa (kanymjym kap6o-
Hat, CaC 03 Koju cagpxu MUHepasne oKcuaa reo-
xha. MmapenaTnBHO hMHY [0 cpeaHerpyoyTek-
cTypy. CTpyKTypaje yrnaBHoM MakpoKpucTaHa,
Cnuka 2. 3amepeHa h3myka n MexaHU4Ka CBoj-
CTBa Kpeuyraka npukasaHa cyy Tabenu 1

This paper discusses the results of experimen-
tal drilling in limestone with bits of 46 mm
diameter in a constant mode at an applied
rotational speed n = 1000 rpm and an exter-
nal force load F = 14 kN. Two surface-set dia-
mond drill bits were used: drill bit (16/25) and
drill bit (25/40). Drill bit (16/25) has diamond
grains with a weight of 16-25 stones per carat
and drill bit (25/40) has diamond grains with a
weight of 25-40 stones per carat. The drilling
tools consist of three cutting segments, with an
outer diameter of the drill bit of 46 mm and an
inner diameter of 32 mm.

When performing each experiment, the ho-
mogeneity condition was met regarding the
length ofthe borehole of one rock sample (1=20
cm), the rotational speed n and the linearly in-
creasing force load F up to set constant value.
The seventeen boreholes were made with the
drill bit (16/25) and 27 boreholes were made
with the drill bit (25/40). Each borehole was
made on a limestone sample from the Vcelare
quarry (Slovakia), which was cut on a circular
saw into a cuboid shape with dimensions of
150x150x260 mm. Limestone is compact with
ameasured higher strength. It is a sedimentary
rock composed of calcite (calcium carbonate,
CaC03 containing iron oxide minerals. It has
a relatively fine to medium-coarse texture. The
structure is mostly macrocrystalline, Figure 2.
The measured physical and mechanical prop-
erties of limestone are shown in Table 1.

Cnuka 2, Cmpyvmypa Kpeutaka 13 kameHonoma Buenape (Cnoeauyka)
Figure 2, The structure oflimestonefrom the Vcelare quarry (Slovakia)
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Tab6ena 1, OcobuHe Kpeyrbaka
Table 1, Properties oflimenstone

3anpemMmnHcka
TeXMHa
CTatuctuuke BpefHOCTH (kg.nr3
Statistical values Bulk density
(kg.nr3
Bpoj npoLeweHnx y3opaka 14
Number of samples evaluated
lMpoceuHe
Mean 2,691
Cpeptbe
Median 2,691
MuHiMy 2,682
Minimum
MaKc.vmyM 2702
Maximum

uCs
(MPa)

uCs
(MPa)

15

85,1

778

55,1

119,2

Bpasunnckm HB 0O6oaHo

TecT cMULaHE

(MPa) (kg.mnr3 (MPa)
- HB

Brazilian test (kg.mnr2 Punch shear
(MPa) g: (MPa)
10 10 10

9,3 466,4 9,5
9,5 457,1 10,0
6,5 416,3 5,2
10,8 521,8 14,2

Tymau: UCS - JegHoocHa uBpcToha Ha npuTtucak, HB - BpuHenos TecT TBpAohe, Bpasnnicku TecT - IHAUPeKTHa 3aTe3Ha YBpcToha.
Legend: UCS - Uniaxial Compressive Strength, HB - Brinell Hardness Test, Brazilian Test - Indirect Tensile Strength.

Mpema cnoBaykoj TexHWYKoj Hopmu ON
441121, Kpeurwak umMa gepmHuUcaHy BpegHoCT
abpasusHocTun of 0,0186 mg.m 1m cnagay cte-
He ca HUCKOM abpasuBHoLwhy.

ONnC EPNKACHE MNMOBPLWINHE
BYLWWEHA KOPULWIREHKREM
E-S ANJAEPAMA

3aKBaHTUTATUBHO nopeherbe anata 3a byLuewe
KopuwheHe cy gBe Metogonoruje (16/25) u
(25/40). Metoponoruja E-S aunjarpama [5] u
MeTO0A0/10rnja 3a NPoLeHy epukacHe 30He 6y-
Wweka ca ontepehemem CnoballkboM CUIOM Y
nHtepsany F og F.nfao 2Ftf [12].

E-S aunjarpam rpauuky npukasyje 3aBuc-
HOCT cneuunguyHe eHepruje E og uspctohe
bywewa S, rge cy E u S gBe BennuuHe ca
OVMeH3Mjama HarmoHa Koje cy nponopuuo-
HasHe 06pTHOM MOMeHTY T u onTepehewy
cnosbalboM cunom F n o6pHyTO Nnponopuu-
OHanHe gy6uHu pesa p [5].

CneuunpuruHa eHepruja E je ogpeheHa uspa-
3om (1),

=71 (MPa)
(R -V1y

According to Slovak technical norm ON
441121, limestone has a defined abrasiveness
value of 0.0186 mg.m1and belongs to rocks
with low abrasiveness.

DESCRIPTION OF THE EFFICIENT
DRILLING AREAUSING
E-S DIAGRAMS

Two methodologies were used for the quanti-
tative comparison of drilling tools (16/25) and
(25/40). The E-S diagram methodology [5] and
the methodology for evaluating of the efficient
drilling area with external force loading in the
interval F from F.nfto 2Fjnf[12].

The E-S diagram graphically depicts the de-
pendence of the specific energy E on the
drilling strength S, where E and S are two
quantities with stress dimensions that are
proportional to the torque T and the external
force load F and inversely proportional to the
depth of cut p [5].

The specific energy E is determined by the ex-
pression (1),

(1)
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roeje:
A - KOHCTaHTa K0ja n3paxasa NoOBPLUUNHY
KOHTakTa usmehy anata n cteHe A = n(R2
-1, (mm3;
R - cno/allbi NONYNPeYHMK MalluHe 3a
6ywere, (mm);
I - YHYTpal by NOAynNpeyHnK MalinHe 3a
6ywere, (mm);
p - oybuHa npogupamwa (Nomak anarta no
06pTajy), (mm);
T - 06pTHM MOMEHT, (Nmm).

CHara 6ywera Spataje ogHocom (2),

where:
A - constant expressing the surface area of
the contact surface between the tool and
the rock A =n(R2- r2, (mm?2);
R - outer radius of the drill bit, (mm);
r - inner radius of the drill bit, (mm);
p - penetration depth (tool feed per revo-
lution), (mm);
T - is the torque, (Nmm).

The drilling strength Sis given by the relation-
ship (2),

S= Reryp = hp (MP2) @

raeje:
h - wnpuHa cermeHTa AefmHMCaHA Kao
pasnuka u3sMely cnosbalker W YHy-
Tpawmer pagujyca mMawnHe 3a Oyluembe,
(mm).

Mogenupake of3vMBa U3 NOjefUHAYHUX eKC-
nepuMeHTanHuX Byliewma Kpeuywaykux 6yLio-
TMHA MOXe Ce JUPEKTHO MnoBe3aTu ca Bapuja-
6unHowhy cune notucka F n gyébmHom pesa
p pedumHucawem edeKTUBHe NoBpLMHE 6y-
Lerba.

EdukacHa nosplunHa byLlewa ce MaTeMaTuy-
Kn fo06uja aHannM3oMm jegHaumHa (3) u (4),

where:
h - segment width defined as the differ-
ence between the outer and inner radius of
the drill bit, (mm).

Modeling the response from individual exper-
imental limestone borehole drillings can be
directly linked to the variability of the thrust
force F and the depth of cut p by defining the
effective drilling area.

The efficient drilling area is obtained math-
ematically by analyzing the equations (3) and

(@),

p(F)=pmex [I-e4,F (f+ftjF)] (mm) 3)

T(F)=k [ F+& (e™-1)] (Nmm) 4)

KOju petnHMLWY KPUBY 3aBMCHOCTU Ay6uHe
npoaupara p o4 cnosbawwer ontepehewa F un
obpTHOr momeHTa T og F. KoeduumjeHTn cyn-
ctutyumnjep 0, K a0 oapeheHu cy meTofom
HajMarnX KBagpara.

Jora rpaHuua eprkacHe 30He Gyllema je ge-
(huHKcaHa cnosbawwbnm ontepehewem F .og-
peheHnm y Tauku npernba p-F Kpuse, jefHa-
yuHa (5).

which define the dependence curve ofthe pen-
etration depth p on the external load F and the
torque T on F. The substitution coefficientsp
0, ka0 are determined by the least squares
method.

The lower limit of the efficient drilling area is
definition by the external load F determined
at the inflection point of the p-F curve, equa-
tion (5).

~W-2 (N) (5)
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opwa rpaHnLa ehkacHe 30He Byllewa je fe-
thuHucaHa kao F = 2 Ftaf YHyTap ehekTusHe
30He je BpefHOCT cro/balkwer ontepeherba
F ,WwTo je apryMeHT MUHUMaNHe cneyngmy-
He eHepruje.

OnTepehewe Fgt fenn emkacHy NOBPLUNHY
bylwena Ha ABe ase. ®a3y | pexxuma dyLera
(og F.nfpno Fod), roe BpegHocT U E v Sonapajy
ca nosehawem cnospawmwer ontepehewa cu-
nom (nogpyuje eukacHor pacnajamwa CTeHa),
n ¢asy Il pexxuma 6ywera (og Fqt go F?), roe
BpegHocTu E n S Takohe pacty ca nosehawem
cnosbawker onrtepehewa cuiom (nogpyuje
e(pMKacHoOr pacnajara CTeHa ca [LOJaTHUM
ceKyHAapHum Aapobsberem Beh pacnafaHux
ocTataka cteHe). NpenasHa pasa je BuA/bUBA
n3mehy osux (pasa. Pasza pacnafawa CTeHa
MMa cnosballta ontepehewa of F = 0 go Ffaf3a
MexaHu3am MoBpLUNHCKe abpasuje.

EKCMEPUMEHTAJTHO NN TEOPWNICKWU
OBPABEHW PE3IYNTATU

Mi3mepeHun ekcnepMMeHTanHu nogaum gobuje-
HNW OylleweM Kpeuwaka KopuwheHu cy 3a
n3pavyHaBare TEOPMjCKUX BPeLHOCTUN fyOuHe
npogupamwa n 06pTHOr MOMEHTA KopULllheweM
jegHaunHa (3) n (4) y MATLAB nporpamy 3a
CBaKMW W3BELEHW EKCMepuMEeHT. EKcrepumeH-
TaJIHW 1 TEOPUjCKM NojaLm nMajy Beoma Buco-
Ky KopenayuoHy 4YBpcTohy, 04HOCHO aKTUBHO
ce (uNTpupajy OAcCTynawa ekcrnepumeHTas-
HUX mofaraka y3poKoBaHa HenfeHTUPUKoBa-
HUM ,,HEeMCnpaBHUM KOIMYMHama“

M3pauyHaTe KpuBe E-S, npema jegHauynHama
(1) - (2), 3acHOBaHe cy Ha TeopujcKUM noja-
umMa bywera Kpeykaka nomohy KpyHe 3a 6y-
weke (16/25) HakoH bywera 1,74 m, Cnuka 3.

Cnuka 3 npukasylJc npomeHe creunguyHe
eHepruje E n oTnopa cTeHe Ha pacnajake Sca
npoMeHama crosbawmer ontepehewa CUIOM
F. O3HaueHe Tauke ofpehyjy BenunuuHy cune F
Kao aprymeHtT muHumyma Eun S

The upper limit of the efficient drilling area is
defined as F = 2 F. ,. Inside the effective area is
the value of the external load F  which is the
argument of the minimum specific energy.

The load Fatdivides the efficient drilling area
into two phases. Phase | of the drilling mode
(from F. to F ), where the values of both E
and S decrease with increasing external force
load (area of efficient rock disintegration), and
phase Il of the drilling mode (from Faqtto 1/),
where the values of E and S also increase with
increasing external force load (area of efficient
rock disintegration with added secondary
crushing of already disintegrated rock debris).
A transition phase is visible between these
phases. Stage of the rock disintegration has ex-
ternal loads from F=0to F_Tor surface-abra-
sion mechanism.

EXPERIMENTAL AND THEORETICAL
PROCESSED RESULTS

The measured experimental data obtained from
the limestone drilling were used to calculate
the theoretical values of penetration depth and
torque using equations (3) and (4) in the MAT-
LAB program for each experiment performed.
Experimental and theoretical data have a very
high correlation tightness, that is, deviations
of experimental data caused by unidentifiable
»faulty quantities” are actively filtered.

Calculated curves E-S, according to equations
(1) - (2), are based on theoretical data from
drilling limestone using a drill bit (16/25) after
drilling 1.74 m, Figure 3.

Figure 3 shows changes in specific energy E
and rock resistance to desintegration S with
changes in external force load F The marked
points determine the magnitude of force F as
an argument of the minimum Eand S.
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Cnuka 3, Kpuse BennunHa EuSy 3asucHocwm og F
Figure 3, Curves of the quantities E and S depending on F

Cnuka 4 npukasyje npomeHe BennumHa Eun S
y 061acTu eMKacHOr pacnafara Kpeuraka.
Y a3n |, ca noBehawem cnosballkber onTe-
pehewa of BpegHocTn Fnfgo F o, BpegHoCTH
cneunuyHe eHepruje n BeIMUYNHE S cMmamwyjy
Ce Ha CBOj AOCTMXKHU MUHUMYM. MWUHUMYM
n E n SHanasu ce y npenasHoj asu nsmehy
a3a | n IE ®asa Il kapakTepuwwe nosehawe
BpefHocTM E n S ca nosehaweM crosballtber
ontepehewa of BpesHocTu Foptflo F2

OE-S-—FIn-Fog( — FA/-F*

Figure 4 presents the changes in the quantities E
and Sin area of the efficient limestone disintegra-
tion. In phase I, with the increase in the external
load from the value F, tto FOp , the values of the
specific energy and the quantity Sdecrease to the-
ir achievable minimum. The minimum ofboth E
and Sis found in the transition phase between
phases | and Il. Phase Il is characterized by the
increase in the values of E and Swith the increase

in the external load from the value Fopt to F2'

OFInff #Fg(* F, « Snin

Cnwuka 4, MNMpomeHe BpegHocTH EuSy obnacTwu edukacHujer
pacnaga Kpeuraka ogpeheHe 3a a3y | u hasy 11
Figure 4, Changes of the values F and S in the more effective limestone
disintegration region determined of the phase | and phase 11

70



V. Krnpa, M. Bah Huddkovd, E. Lazarovd, P. Vavrek, A. Kiovsky, L. Ivanitova, YHTcpnpeTaymjapesynTaTa Oyllerwha Kpedtbaka Kopuwhcwem
E - Saujalrpama (63-76)
V. Krnpa, M- Bali Huddkovd, E. Lazarovd, P. Vavrek, A Kiovsky L Ivanitova, Interpretation ofLimestone Drilling Results Using
E - S Diagrams (63-76)

Teopujcku npopadvyH 3a ogabpaHu ekcnepu-
MEHT OfpeAmno je KoeuUUjeHTe CyncTUTyumje
jegHaunHa (3) u (4) n ngeHTrnKoBao cnefehe
napamMeTpe edekTMBHE MNOBPLUMHE OYyLUeHa,

The theoretical calculation for the selected ex-
periment determined the substitution coeffi-
cients of equations (3) and (4) and identified
the following parameters of the effective drill-

BuaeTn Tabena 2.

ing area, see Table 2.

Tabena 2, Pe3ynialuy ekcmeprMeHLUa dyLiewa Kpeyraka MallmHoM 3a bylere (16/25) nal =1,74 m
Table 2, Results of an experiment drilling limestone with a drill bit(16/25) atL =1.74 m

MapameTpu BpegHocT HanomeHe
Parameters Value Notes
MakcumanHagybuHanpoauparwa,KoeuumjeHTCyncTuTyumje
13 jegHauunHe (3)
B L5 mm Maximal penetration depth, the substitution coefficient from
Ea. (3)
i KoeduumnjeHT cynctutyuuje u3 jefHaunHe (3)
o 01169 kN-1 The substitution coefficient from Eq. (3)
K 6.57 mm KoedmuymjeHT cynctuTyymje us jeaHaunHe (4)
' The substitution coefficient from Eq. (4)
KoetmumjeHT cynctuTyymje us jegHauvHe (4)
© 0,9687 kN The substitution coefficient from Eq. (4)
B [Joma rpaHnLa 30He erKacHor GyLlemwa
Fm 8556 kN p =0301 mm The lower boundary of the zone of efficient drilling
_ 1,648 FM aprymeHT mmHumyma E
Fop, 41kN p=0564mm 1.648'F , argument of the minimum E
_ Eoptba rpaHuLa 30He eprKacHor byluera
F! 1711kN  p =0,683 mm The upper boundary of the zone of efficient drilling
£ 1121 MPanpu F= 141 kN MwuHumanHa cneumpmyHa eHepruja
mh 1121 MPa at F = 14,1 kN Minimum specific energy
S 3.562 MPanpu F= 151 kN MwuHuManHa jaunHa byLiera
i 3.562 MPa at F = 15,1 kN Minimum drilling strength
BpenHOCT Ha BpXy pe3aya
ECP 1,109 MPa Value at cutter point
BpefHOCT Ha BpXy pe3aya
Scp 3,534 MPa Value at cutter point

[Job6ujeHn ogHocu nsmehy cneymupuyHe eHep-
rmje n cHare oyuwera 3a KpyHy 3a Oyllewe

(16/25):

- ®aza l: E=0J834S + 461,62
- ®azall: E=0,624S - 1.095,5.

HanomeHa 1: CnosmHo onTepehewe F
kN ogloeapa gy6uHu npogmparwap =0,301 mm.
MwuHuManHa cneunduyHa eHepruja E
MPa nma aprymeHT F

npeceky nuHuja gase | n pase Il.

=8,556

=1,121
=14,1 kN. MapameTpu
Ecpu Scprajy BpegHOCTH cneynuyHe eHepllje
n yspcTohe Bylwewa Ha BPXy pesavya, Tj. Ha

The resulting relationships between specif-
ic energy and drilling strength for drill bit
(16/25):

- Phase I: E=0.1834S + 461.62;
- Phase II: E = 0.624S - 1,095.5.

Note 1: The external load F_, = 8.556 kN cor-
responds to a penetration depth p = 0.301 mm.
The minimum specific energy E = 1.121 MPa
has an argument F =14.1 kN. The parameters
Ecp and Scpgive the values of the specific energy
and drilling strength at the cutter point, i.e. at the
intersection ofthe lines ofphase I and phase II.
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Ca CKOpo UCTOM AYXUHOM Byliewa L=1,73 m,
pesynTaTu byllera Kpeyrbaka KpyHOM 3a Oy-
Wweke (25/40) npukasanu cyy Tabenu 3.

With almost the same length drilled L=1.73 m,
the results of drilling limestone with a drill bit

(25/40) are shown in Table 3.

Tab6ena 3, PesynTalun ekcuepumeHLua byluewa Kpedraka KpyHOM 3a Oylewe (25/40) Ha L = 1,73 m
Table 3, Results ofan experiment drilling limestone with a drill bit (25/40) atL =1.73 m

MNapameTtpu BpegHocT HanomeHe
Parameters Value Note
MakcumanHa gy6buHa npoguparsa, KoeuymjeHT CyncTuTyumnje
13 jegHauvmHe (3)
Bimex L1 mm Maximal penetration depth, the substitution coefficient from
Ea. (3)
i KoethmuymjeHT cynctutyymje us jegHaunHe (3)
9 0,1336 kN-1 The substitution coefficient from Eg. (3)
« 7.44 mm Koed)mu,m_eHT CyncTuTyLuje 13 jepHaunHe 4
The substitution coefficient from Eq. (4)
KoethmymjeHT cynctutyymje us jeaHaunHe (4)
© 06769 kN The substitution coefficient from Eq. (4)
o [Joa rpaHnLa 30He enkacHor GyLlewa
Fm 7484 kN ->p = 0,294 mm The lower boundary of the zone of efficient drilling
_ 1.67'F”~ aprymeHT MuHuMyma E
Fop, R25kN p=0552mm 1.67F. f argument ofthe minimum E
_ Eoptba rpaHuLa 30He edmKacHor byLietba
Fi 1497kN p = 0,665 mm The upper boundary of the zone of efficient drilling
£ 1,167 MPa npn F= 125 kN MwuHumanHa cneymduyHa eHepruja
mh 1,167 MPaat F= 125 kN  Minimum specific energy
S 3,231 MPanpu F= 141 kN MwuHumanHa jaunHa byLiera
mm 3,231 MPaat F= 141 kN  Minimum drilling strength
BpenHoOCT Ha BpXy pe3ava
ECP 1,150 MPa Value at cutter point
BpenHOCT Ha BpXy pe3aya
Sep 3,180 MPa Value at cutter point

[OobujeHn ogHocu nsmehy cneympuyHe eHep-
rmje n cHare 6yuewa 3a KpyHy 3a Oyllewe
(25/40):

- ®a3a |: E = 0,2409S + 384,41,
- ®a3a ll: E=0,4921S - 414,56.

EBanyauunjom 17 y3acTOMHUX eKcnepume-
HaTa Oylewa KpyHOM 3a Oyuwerwe (16/25)
M 27 ekcnepumeHaTa ca KpyHOM 3a Oyllerwe
(25/40) pobunu cmo npocevyHe BPeAHOCTM
ekcTpema (MUHUMYMa) cneunpuuHe eHep-
rnje E v cHare Gylewa S, Koje Cy NpukKasaHe
y Tabenu 4.

72

The resulting relationships between speci-
fic energy and drilling strength for drill bit
(25/40):

- Phase I: E = 0.2409S + 384.41;
- Phase II: E = 0.4921S - 414.56.

By evaluating the 17 subsequent drilling ex-
periments with the drill bit (16/25) and the
27 experiments with the drill bit (25/40) we
obtained the average values of the extremes
(minima) of the specific energy E and the
drilling strength S, which are presented in
Table 4.
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Ta6ena 4, MpoceyHe BPeAHOCTY cneLmdnyHe eHepluje E 1 cHare 6yluerba S NoCTUrHyTe Npu Gyluety Kpeuaka

KpyHOM 3a 6yLuewe (16/25) n (25/40)

Table 4, Average values of specific energy E and drilling strength S achieved when drilling limestone with (16/25)

and (25/40) drill bits

CneuundunyHa eHepruja E/ Specific energy E

JaunHa 6ywewa S Drilling strength S

* (MPa) (MPa)

KpyHasa  Aputmertnuka CTaHZADAHO ApUTMETUYKA CTaHIADIHO
6y!.ue|-|.=e cpefirba 5 CTAHF;'IC_LE MpoceyHa cpeatba 5 CTAI'IF;'IC-LG MpoceyHa
Drill bits BpeAHOCT gtar)]/dard BpPeAHOCT BpPeAHOCT gtar)\ldard BpPeAHOCT
Arithmetic . Median Arithmetic - Median

deviation deviation
mean mean

16/25 1.084,736 75,835 1.104,034 3.5632,136 400,991 3.538,662
25/40 1.102,519 94,710 1.093,267 3.267,816 316,145 3.347,523

Mpunukom ByLlerwa Kpeyraka KpyHOM 3a Oy-
Lwekbe (16/25) ca Behum gujamaHTUMa, jaunHa Oy-
LLeHa Sje HENOBOJbHW]a, Tj. CTeHa npyxa sehu oT-
nop 6ywemy. MpeaHOCT KpyHe 3a byLere (16/25)
je Marba BpeHOCT MUHUMANHE JOCTUXHE creum-
thnuHe eHepruje E. Paznor 3a oBaj napajokc je Taj
LITO je ONTMMaNHO crnosballbe onTepehewe 3a
KpyHy 3a byLiere (16/25) Fqt= 15,81 kN ca npo-
ceyHom aybuHoM npogupawa pgt = 0,633 mm.
KpyHa 3a 6ywiene (25/40) ca MaHOM BENUYNHOM
OvjamaHaTa MMa OnTMManHe BpefHoCTW Fgt =
13,86 kN capqt= 0,617 mm. MehyTum, pasnvke y
BpPeLHOCTMMa MUHUMANHE Cneun@uyHe eHepruje
E cy He3HaTHe 1 06e Bypruje mawnHe 3a byLuere
Cy ynopeavBe Mo CB0joj emKacHOCTU npu By-
Weky Kpeurwaka. Cnuka 5 npukasyje rpaguuke
pesyntate MUHUMaIHWUX BPEAHOCTU cneuuduy-
He eHepruje E n jaumHe Gywema S npu ByLuewy
Kpeurbaka.

E-(16/25)

E-|25/40] —o0-S-116/25)

When limestone drilling with drill bit (16/25)
with larger size of diamonds the drilling
strength S is less favorable, i.e. the rock offers
greater resistance to drilling. The advantage of
drill bit (16/25) is the smaller value of the min-
imum achievable specific energy E. The reason
for this paradox is that the optimal external
load for drill bit (16/25) is Fgt = 15.81 kN with
an average penetration depth pgt= 0.633 mm.
Drill bit (25/40) with smaller size of diamonds
has optimal values Fqt = 13.86 kKN with pgt =
0.617 mm. Elowever, the differences in the val-
ues of the minimum specific energy E are in-
significant and both drill bits are comparable
in their efficiency in drilling limestone. Figure
5 show the graphical outputs of the minimal
values of the specific energy E and the drilling
strength Swhen drilling limestone.

$-(25/40)

Cnuka 5, MuhmmanHe epednocmu cneyundmyHe eHepruje E ujaunHe bywera S ca nosehamem
Ly>KUHe 6ywera L kopuwherwem KpyHe 3a Gylwierbe (16/25) v KpyHe 3a bywere (25/40)
Figure 5, Minimal values ofspecific energy E and drilling strength S with
increasing drilled length L using drill bit (16/25) and drill bit (25/40)
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M3 pesynrtara npukasaHuWX Ha Cavum 5, Moxe
ce pehu fa npouec bylewa cacToju ce of hasa
onopaeka M (pasza onafawa eukacHocTu 6y-
Wwera. NpeTnocTaB/baMo faje CMambere Benu-
YnHe E 1 S y3pokoBaHO hopmMupaweM HOBUX
OWwTpMX MBUUA AujamaHaTa. HakoH HUXO0BOT
thopmupamwa, npouec pasfBajawa je edukac-
HUWjW CBe [OK Ce 3pHa njaMaHTa He ucrnonupajy
M MOpajy ce NOHOBO (POpPMUPATM HOBE OLUTPe
nsuue. OBaj LUKYC ce NOHaB/ba. N3pauyHatu
ofiHoc E/S je nponopuuoHanaH p, raeje p Koe-
hULNjeHT pesama, jefHaunHa (6).

lloBpiiinna e(MKACHOT pacnajara Kpeyrwaka oj-
peheHa je Ha OCHOBY M3payyHaTUX MUHUMATHUX
BpeLHOCTU creunmryHe eHepruje E n uBpctohe
6yLiera Skopuwhewem jeaHaumHa (1) n (2), arn-
ica 5.11aKon Tora cy u3payvyHare perpecuoHe jea-
HauuHe KoeduumjeHTa pesara p = 0,8478 (E/S) 3a
KpYHY 3a 6yLere (16/25), a 3a KpyHY 3a 6yLuere
(25/40) ogpeheHjekoedumunjeHTpesawap= 0,847
(E/S). KoethnumjeHTn fetepmuHalmje R2= 1. Cto-
ra ce Mmoxe pehu fa koethuLMjeHT pe3ama p npes-
CTaB/ba NpubnmxHo 85% ogHoca E/Sy onTuman-
HOM pexunmy byLuema.

Y Tabenu 5 cy uspavyHate CTaTUCTUUKE Ka-
pakTepuUCTUKe 3a Koe(hUUMjeHT pesawa p u
ofHoc E/S 3a kopuwheHe MallnHa 3a OyLuere.

From the results presented in Figure 5, it can
be stated that the drilling process consists of re-
covery phases and decay phases of drilling effi-
ciency. We assume that the decrease in the size
of E and S is caused by the formation of new
sharp edges of diamonds. After their formation,
the separation process is more efficient until
the diamond grains become polished and new
sharp edges must be formed again. This cycle
repeats. The calculated E/S ratio is proportional
to p,where p is cutting coefficient, equation (6).

(6)

The area of the efficient limestone disintegra-
tion was determined based on the calculated
minimum values of specific energy E and dril-
ling strength Susing equations (1) and (2), Fi-
gure 5. Subsequently were calculated the regres-
sion equations of the cutting coefficient p =
0.8478.(E/S) for drill bit (16/25) and for drill bit
(25/40) was determined the cutting coefficient
p = 0.847.(E/S). The coefficients of determina-
tion R2= 1 It can therefore be stated that the
cutting coefficient p represents approximately
85% of the E/S in the optimal drilling mode.

In Table 5, the statistical characteristics for the
cutting coefficient p and the E/S ratio for the
drill bits used are calculated.

Tabena 5, Cpege BpegHOCTM KoeduumjeHTa pesatrba ) v cneuunyHor eHepre TCKor ogHoca E njaumHe bywera
S mocTurHyTe npu Gylierwy Kpeykaka ca KpyHOM 3a Oywiere (16/25) n ca kpyHoM 3a Oyiere (25/40)
Table 5, Mean valuesof cutting coefficient 1 and specific energy ratio E and drilling strength S achieved when

drilling limestone with drill bit (16/25) and drill bit (25/40)

KoethmumjeHT pesawa i 1 Cutting coefficient

KpyHasa  aputmetnuka
Gywerse npoceyHa CraHpaapaHo
Drill bits OfCTynawe
BPEAHOCT Standard
Arithmetic o
deviation
mean
16/25 0,262 0,024
25/40 0,287 0,020
ANCKYCUMIA

EkcnepvmMeHTanHW pe3yntatu cy nokasanu fa
YakK M y Mawe abpasMBHUM CTeHama Kao LWTo
je Kpeurak, NpoMeHa reoMeTpuje AujamaHT-
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Cpegtoa
BpefHOCT

OpHoc E/S / E/S ratio

ApuUTMeTnYKa
CraHpgapaHo
npoceyHa Cpegiba
OLCTynamwe
BpefHOCT Standard BpefHOCT
Median Arithmetic - Median
deviation
mean
0,263 0,310 0,029 0,310
0,290 0,339 0,023 0,343
DISCUSSION

The experimental results showed that even
in less abrasive rocks such as limestone, the
change in the geometry of diamond grains
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CKWUX 3pHAa Urpa BaXXHY ynory y eykacHoCTH
bywera. OfacTynawa of +10% mory ce npu-
nucatM LUHAMWYKUM TMPOMeHama Yy pPe3Hum
nBuLama(ceueHumama), Koje ce Hau3MeHU4YHO
cTBapajy v Tpolle TOKOM 6yLlera. OBa nojasa
OZrosapa 3anaxkawuma gpyrux ayropa npuiu-
KOM McnuTuBara rpaHuTa [8, 9], rae je edekart
610 joL U3paXKeHnju.

Jow jenaH acnekT je NOrogHoCT Kopuiherwa Ko-
e(hmumjeHTa pe3arwa Kao UHAMKATOpPa ONTUMK-
3aumje pexxnuma Oywiera. Pesynratu ykasyjy Ha
TO Aa Koe(muMjeHT [o6po onucyje ogHoC cnew-
UpuYHe eHepruje n cHare OyLlewa Yak uU noj
NPOMeH/bUBUM ycnoBuma. MNuTawe npeHocu-
BOCTWU MeTofofornje u3 n1abopaTtopmjckux yc-
nosay in situ, rge cy npucyTHu Apyru hakTopu
Kao LWTO Cy yTuLaj WNNKKU 3a ByLluewe, Temne-
patype, NpUTUCKa UK NPUCYCTBA pacxnagHux
TEYHOCTH, O0CTaje AUCKYTabuHO.

Ca npakTU4He NepcneKkTuBe, BaXKHO je Ja MeTo-
fonoruvja omoryhasa ngeHTUMKaLunjy ontuman-
HWUX napameTapa 6yLletba, WTO MOXe AONpuHe-
TN CMatbetby TPOLLKOBA EHEPruje U NpoayXewy
BEKa Tpajara anara. Y 6yayhHocTu ce npenopy-
yyje tbeHa Bepuukalnja Ha Behem pacnoHy cre-
Ha Wy peasiHUM TePEHCKUM YCOBUMA.

3AK/bYYAK

Mpowwnperwe esanyaunje eukacHe noBpLUInNHE
bylwena Kopuwherwem E-S gujarpama onakwa-
no je Tymauerse (pase | n ase Il. EBanympanu
EKCMepuMEHTUN OyLlera Kpeywaka KPyHOM 3a
bywerbe (16/25) n kpyHoMm 3a Oyliere (25/40)
[0Ka3yjy Aaje Kpeykak CTeHa ca HUCKMM abpa-
3MBHMM [€jCTBOM W fAa Cy cTOra nOCTUTHYTK
pe3ynTatu camo He3HaTHO norofeHn xabamwem
MallunHe 3a 6ywere. Mnak, ctaHgapaHe geBuja-
unje of oko 10% BpegHocTn E n Sykasyjy Ha TO
[la ce 'y 0BOM CNyu4ajy fellaBajy NpOMeHe y re-
OMETPUjX AMjaMaHTCKUX 3pHa. YTBpheHo je fa
04HOC MUHUMANHUX BpegHoCTU E n Soarosapa
BpeAHOCTMMA Koe(huLMjeHTa pesama p.

SAXBAMTHNUA

OBO MCTpPaXuBare je NoAPXKaHO MPOjeKTUMa
VEGA 2/0090/23 n APVV-23-0364.

plays an important role in drilling efficiency.
Deviations of +10% can be attributed to dy-
namic changes in the cutting edges, which are
alternately created and worn during drilling.
This phenomenon corresponds to the obser-
vations of other authors when testing granites
[8, 9], where the effect was even more pro-
nounced.

Another aspect is the suitability of using the
cutting coefficient as an indicator of drilling
mode optimization. The results indicate that
the coefficient well describes the ratio of spe-
cific energy and drilling strength even under
changing conditions. The question ofthe trans-
ferability of the methodology from laboratory
conditions to in situ, where other factors such
as the influence of the drill string, temperature,
pressure or the presence of cooling fluids, re-
mains debatable.

From a practical perspective, it is important
that the methodology allows for the identifi-
cation of optimal drilling parameters, which
can contribute to reducing energy costs and
extending tool life. In the future, its verification
on a larger range of rocks and in real field con-
ditions is recommended.

CONCLUSION

The extension of the evaluation of the efficient
drilling area using E-S diagrams made it easi-
er to interpret phase | and phase Il. The eval-
uated experiments of drilling limestone with
drill bit (16/25) and drill bit (25/40) prove that
limestone is a low abrasive rock and therefore
the achieved results are only slightly affected
by drill bit wear. Nevertheless, the standard
deviations of about 10% of the E and S values
indicate that changes in the geometry of dia-
mond grains occur in this case as well. It was
found that the ratio of the minimal values of E
and S corresponds to the values of the cutting
coefficient p.
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