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Purpose. The study of pulse flushing impact on weakening of rock formation in the course of diamond core
drilling using diamond bits.

Methodology. Theoretical research of rock formation softening processes under transient thermal impact is based
on the theory of thermoelasticity. Comparative analysis of thermal stress condition of rock formation in the course of
diamond core drilling using both the pulse and continuous flushing modes was carried out in the course of the research.

Findings. The process of rock formation breaking in the course of diamond core drilling using stationary and
transient (pulse) flushing with drilling fluid was studied herein. Conditions for transition of rock formation fractures
to movable state and strength reduction have been defined. The estimated relation between the fracture develop-
ment rate and delay of rock formation decomposition are obtained herein. The study revealed that under the pulse
mode of drilling fluid supply conditions appear for thermal decomposition of rock formation. Owing to a greater, as
compared to the continuous flushing mode, amplitude of temperatures in the borehole working area, strength re-
duction of the rock formation surface occurs. When boring granitic rocks, its strength reduction is 12 % on average.

Originality. The analysis of thermal stress condition of the rock formation was carried out for the first time
along with grounding of the possibility to employ the thermal cycle effect to enhance the efficiency of rock decom-
position in the course of the core drilling using diamond bits. For the first time ever the characteristics of thermal
decomposition of rock formation were determined as follows: minimum dimensions of fractures and minimum
delay time of decomposition commencing; the evaluation of rock formation strength reduction for the diamond
core drilling process. The study revealed that the technique of pulse supply of the drilling fluid stipulates for no-
table reduction of energy consumption of the rock formation decomposition process.

Practical value. The outcomes of the study can be applied to develop pulse techniques of wells boring, as well
as to establish efficient and cost saving parameters of the process.
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Introduction. Boreholes pulse flushing [1—3] has
been attracting increased attention of drilling method
designers. The outcomes of experimental research re-
veal notable enhancing of the number of performance
indices of boreholes core drilling using the pulse flush-
ing method; in particular, they include more efficient
washing-over of borehole bottoms, 30—40 % reduced
pumping equipment power consumption as compared
to the continuous flushing method, elimination of res-
ervoir horizon incrusting etc. The essential result of us-
ing the pulse flushing technique is in speeding up the
mechanical velocity of borehole drilling. As of today,
however, there has been no scientific theoretical ground-
ing of the achieved effect. Among the probable mecha-
nisms ensuring the enhanced rate of rock decomposi-
tion might be the process of thermal fatigue reduction of
the rock formation under alternating high and low tem-
peratures. In the majority of cases, rock formations have
aweb of micro-fractures which are allocated throughout
the rock with certain density [4]. To those are added the
fractures in rock formation caused by application of
rock decomposition tools (the fracture process zone).
Thermal gradients in borehole bottoms might range
within 600 °C and up. This results in significant cyclic
thermal stress in the rock formation. Thermal cycling
caused by drilling tools results in developing of fatigue in
rock formation, growth of the existing fractures and
more efficient decomposition of the rock.

Therefore, the research of thermal mechanical
processes in the course of core drilling using the pulse
flushing method can be of interest from the point of
view of searching for reserves of enhancing the perfor-
mance, and cutting energy consumption of rock for-
mation decomposition works.

Analysis of the recent research and unsolved
aspects of the problem. A diamond core bit consists
of a steel body and matrix divided by washing-over
channels into segments. Due to the heat induced by
friction between the bit and the rock in the course of
rock formation drilling, the surface of borehole work-
ing face is heated within the temperature range of
300—800 °C depending on the flushing mode. Follow-
ing the heating segment, there is a washing-over seg-
ment located above the same drilling zone. Drilling
fluid at a temperature within 20—40 °C is flowing along
the washing-over segment. Owing to the drilling bit
rotating, therefore, the surface of rock formation is un-
der thermal cycling impact. Switching from the heat-
ing to shock cooling modes results in alteration of
thermal stress condition of the rock formation, e.g.
from its extension to contraction. Since rock forma-
tion resistance to extension is a magnitude order lower
than that of contraction, the thermal gradient, there-
fore, contributes to its strength reduction. The out-
comes of the experimental research [5] reveal that
thermal cycling of rock formation, even in the absence
of external loads, results in accumulation of defects in
polycrystal material thus providing further efficient
decomposition of the rock formation.

The processes of rock formation decomposition
under combined mechanical and thermal impacts

were the subject of the research in articles [6, 7], while
those under thermal cycling impacts were dealt with in
articles [8, 9]. The methodology, approach and mod-
els developed in the mentioned above articles can be
used for studying thermal cycling effects in the core
drilling process using diamond bits.

Analysis of outcomes of the research of thermal
and thermal-cycling decomposition of rock formation
demonstrates that strength reduction of rock forma-
tion is defined by two interrelated criteria: thermal gra-
dient between the heated rock formation and cooling
environment, and decomposition delay time. The time
of delay is the interval after beginning of cooling re-
quired to initiate the fracture development process.

In the core drilling process while using diamond
bits, the time of contact between the borehole working
face and cooling fluid makes a few centiseconds. With
the regular modes of washing-over, the thermal gradient
in the borehole working face is about 300 °C which is
not enough to implement the thermal cycling effect ef-
ficiently. The pulse mode of flushing, on the other hand,
stipulates for ensuring arbitrary large thermal gradients;
however, the limiting factor here is thermal resistance of
the drilling tools. The matter of choosing the proper
pulse washing-over modes to ensure operating perfor-
mance of the drilling tools is dealt with in article [10],
which demonstrates possibility of ensuring the flushing
process with thermal gradients up to 600 °C.

Various methods are applicable to provide targeted
utilization of thermal processes in rock formation in or-
der to enhance the efficiency of its decomposition pro-
cesses. One of the approaches suggested here is to vary
the geometry of rock formation decomposition tools by
changing the length of operating sectors and drilling
fluid courses. Therefore, the certain amendments to the
design of the drilling bit must be implemented. The ca-
pabilities of this method are limited by the finite dimen-
sions of the drilling tools. On the other hand, changing
of the drilling bits design causes the need to adjust the
following drilling modes parameters: the axial load and
drilling bit rotating frequency, which, in turn, results in
changing the temperature mode of the drilling process.

The alternative approach stipulates for providing
the borehole working face of non-reversing processes
of rock formation cracking by controlling the input of
the drilling fluid, which is exactly the case for the pulse
flushing mode. This method can be implemented by
controlling the thermal condition of the borehole
working face using the mode parameters, in particular,
using the pulse supply of drilling fluid.

Objective of the study is to research the impact of
drilling fluid pulse supply on rock formation strength
reduction.

Presentation of the main research. We shall
analyze the impact of thermal modes in the borehole
working face under the continuous and pulse flushing
onto the conditions of fracture development in rock
formation. It is hereby assumed that among the frac-
tures in the fracture process zone there are always
some fractures reaching the surface of the borehole
bottom. Due to the temperature drop from 7}, to 7, the
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following expansion tensions emerge in the parallel
surfaces of the borehole bottom

EB(T,-T,)
1-p
where E is Young’s modulus (modulus of elasticity) of
the rock formation; [ is linear expansion coefficient of
the rock formation; is Poisson’s ratio. The minimum

length of the fraction /, developed by the tension can
be defined by Griffith’s energy fraction criterion
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where K is rock formation cohesion modulus. The
condition for transition of fractures to nonstationary
state is defined by the following inequation

TCNO < K,

where NV, is stress intensity ratio. According to the the-
ory of equilibrium cracks [9], this ration will be equal to

N2t P
2
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where P(x) is the function of normal stress in solid
body in the fracture; / is the length of the fracture. For
the thermal stresses under intense cooling of the bore-
hole working face this function will be defined as
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where a is thermal conductivity ratio, t is time. Gaussian
error function can be presented as expansion in a series
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For approximate calculation we can take the first

two additive components in the above series (3). After

substitution of (3) into (2) taking into account (1), we
obtain the following
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Having calculated the integrals in the formula
above (4), we obtain the following inequation below

17*<3F— d } (5)
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Expression (5) determines the relation between the
necessary cooling time and initial fracture length. Af-
ter transformations, this expression can be presented
as equation in the following non-dimensional form

3
Fo=t—t . ©)
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where Fo=—— is Fourier criterion (non-dimension-

*

altime); L= i is non-dimensional length of the frac-

*

ture. From the above equation (6) the formula below
for non-dimensional rate of the fracture development
can be easily obtained

_dL @ (JL-1)
_dFo_4L(2ﬁ_3)'

Dependence of cooling time (6) and development
rate (7) on the fracture length is shown in Fig. 1 and
Fig. 2 below.

Based on the length /,, it is evident that fractures
with their lengths / < /,, or L < 1, will not develop.
When L > 1 as shown in Fig. 1 above, there are two
possible options. If under the applied heat 1 < L < L_;,,,
then cooling time is lower than minimum time, there-
fore the rock formation will elongate without any visi-
ble cracking. The existing fractures will not transfer to
the non-stationary mode, as it is specified by negative
values of fracture development rate in Fig. 2 above.
However, the layer will build up where elongating ten-
sile stresses are equal to the effect of concentrated
force, and the fracture is getting closer to its dynamic-
equilibrium state. When Fo,,;,, = Fo,,,, the fracture
starts its dynamic development and grows steadily. The
fracture development rate will be at its maximum for
the fracture which has just started its dynamic devel-
opment, and it will abate in the course of develop-
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Fig. 1. Dependence of non-dimensional time Fo
on fracture length L
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Fig. 2. Dependence of non-dimensional rate V on
the fracture length L
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ment. Function Fo(L) will reach its minimum at
L..;»=2.25, while non-dimensional time Fo,,;, = 5.87.
The time corresponding to the minimum point of the
function shall be considered the time of delay of de-
composition beginning process.

The results of estimating the thermal stressed con-
dition of rock formation under continuous and pulse
modes of flushing are shown below. The demonstrated
rock formation is granite, where a = 8.3 - 10° m?/sec,
E=29 -10°N/m%,pB=1-10K", n=03, K=
=5.10° N/m*2. The results of the analysis are shown
dimensionally in Table below.

Table

Parameters that define the process of rock formation
thermal decomposition under various modes of flushing

Flushing mode Continues Pulse
Thermal gradient , K 300 600
Tension , N/m? -9.667 - 107 | -1.933 - 10%
Minimum length of fracture /., 0.542 0.136
opened by 6,, mm
Minimum length of fracture
required for steady develop- 1.220 0.305
ment, /i, mm
Time of delay t,,;,, sec 0.208 0.013

As Table above shows, during the pulse mode of
flushing the minimum length of the fracture, which is
opened by the corresponding tension of elongation, is
4 times as low as the length of the fracture during the
continuous flushing mode. Temperature gradient al-
lows creating higher thermal tensions in rock under
impulse mode. Therefore, during the pulse mode
much more micro-fractures will be prone to further
development, while their initial dimensions will be
much lower. The delay time of the decomposition be-
ginning decreases by an order of magnitude compared
to the continuous mode. Given that the time of con-
tact of drilling fluid with the rock formation is about
0.044 sec, it becomes obvious that during the pulse
flushing conditions ensured to utilize the thermal cy-
cling effect are significantly more beneficial than in
the course of continuous flushing.

Let’s consider the matter of strength reduction of
the surface of the borehole working face under the
thermal cycling impact. It is assumed that there is a
fracture with its length /; in the surface layer. To ensure
decomposition of the solid body with such a fracture,
the tensile strength o, required. If, upon the period of
time 71, the fracture has developed to its length /, the
respective tension of decomposition has dropped to .
The strength reduction will be defined by the ratio

c
Y= P In article [9] it is shown that
0

_o_|h
o, VI’
Therefore, during the time 7 the strength of the
rock formation will drop to

1 1 1
2 2 T 2
Y:[L] =[10+Al] =[l+ljv(’t)d‘fj s
10 lo 10 0

a
where v = V-l— is the fracture development rate. Ac-

cording to the data of [4], the length of initial (natural)
micro-fractures, which play their role in thermal de-
composition methods, ranges within 0.048—0.85 mm.
The minimum length of fractures opened by thermal
elongating tension during diamond core drilling will
correspond to the range presented in Table above. The
diagram in Fig. 3 below demonstrates the estimation
results for strength reduction for fractures with their
length ranging from 0.31 to 0.85 mm. It is evident from
the diagram that the rock formations containing the
fractures with their dimensions close to the minimum
value will feature the maximum strength reduction.

0,35+
0,31
0,25
0,21
0,151
0,11

0,05+

0,31 0,37 0,43 0,49 0,55 0,61 0,67 0,73 0,79 0,85
[, mm

Fig. 3. Association of the rock formation strength
retorigression y with length of fractures |

The length increasing, the fractures become more
stable because greater tension is required for their ef-
fective opening. Therefore, the value of strength re-
duction caused by thermal cycling impact is only 6 %
for longer fractures, and it grows to 32 % for the frac-
tures which their dimensions closer to the minimum
required figures. The average strength reduction esti-
mated for all the analyzed lengths comprises 12%.

Research conclusions and recommendations for
further research. The present article dealt with the me-
chanism of strength reduction of rock formation due to
alternating impacts of high and low temperatures in the
diamond core drilling process. It was revealed that owing
to significant thermal gradients in the course of pulse
flushing it is possible to achieve the effects of rock forma-
tion strength reduction by 12% on average. The results of
the paper are recommended as the basis for choosing en-
ergy saving modes of pulse drilling operations.
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Merta. JociixKeHHST BIUTMBY iMITYJIbCHOI TTofavi
OPOMUBAJIBHOI PiAUHU TIpU OYypiHHI aJIMAa3HUMU KO-
POHKaMU Ha 3HUXKEHHSI MIiLITHOCTI TipChKOI ITOPOAU.

MeTtoauka. TeopeTuuHe JOCTIIXKEHHS MPOLIECiB
3HUKEHHSI MILTHOCTI TipChKO1 MOPOAY TIPY HecTalio-
HapHOMY TEpMiYHOMY BIUIMBI Ha OCHOBI TEOPIi IPyX-
HocTi. BUKOHaHO TTOPiBHSIJIbHUI aHAai3 TEPMOIIPYXK-
HOTO CTaHy MOPOJM TIiJ Yac OypiHHS 3 iIMITYJIbCHUM U
HerepepBHUM peKMMaMU MPOMUBAHHS.

PesynsraTii. BuzHaueHi yMOBU nepexomy TPillluH
Y PYXOMHUI CTaH Ta 3HMXKEHHSI MIilIHOCTi TIOPOIU.
OTpuMaHi PO3PaxXyHKOBi CIHiBBiAHOIIEHHS IS
IIBUAKOCTI pPO3BUTKY TPIlllMH i Yacy 3aTpUMKU MPO-
necy pyitHyBaHHS. IlokazaHo, IO 3a iMITYJIbCHOTO
peXxuMy Tioaadi MPOMUBAJILHOI PiAUHU Yy TipChKiid
MOPO/Ii CTBOPIOIOTHCS YMOBU JIJIsI TEPMiIUHOI'O PYMHY-
BaHHsS. 3a paXyHOK OiJIbIII BUCOKOI, Y MOPIBHSIHHI 3
PEXMMOM HeTlepepBHOI MPOMUBKU, aMILTITyIU TEM-
rnepaTypu Ha BUOOi CBEpAJIOBUHU, BiIOYBAETHCS 3HU -
XeHHs MiltHocTi. [Tpu OypiHHI rpaHiTy cepeaHe 3HU-
SKEHHST MilTHOCTI ckitafae 12 %.

HaykoBa HOBHU3HA. YIiepllle BUKOHAaHO aHasi3
TEPMOIIPY>KHOTO CTaHy TOPOAU Ta OOIPYHTOBAHO
MOXJIMBICTb BUKOPUCTAHHS TEPMOLIMKIIYHOTO eheK-
Ty TS MiABUILEHHS €(PEeKTUBHOCTI Mpoliecy pyiHy-
BaHHSI TiPChKO1 IOPOAu Mpu OypiHHI aIMa3HUMMU KO-
pOHKaMU. Yreplie BU3HAYeHi XapaKTePUCTUKH TIPO-
LeCcy TEepMIUYHOTO pYHMHYBaHHSI MOPOAU: MiHiMalbHi
pO3Mipu TPIilIMH i MiHIMaJbHUIA Yac 3aTPUMKU TO-
yaTKy pyHHYBaHHSI, BUKOHAHO OIliIHKY 3HUKEHHSI
MILIHOCTI mopoau 1jist aaMa3Horo oypiHHs. IToka3za-
HO, 110 TEXHOJOTis iMITyJTbCHOI MoJavi MpOMUBaIb-
HOI PIIMHU CIIPUSIE 3HUXKEHHIO EeHEPITOEMHOCTI MPO-
1ecy pyiiHyBaHHSI IOPOIM.

IIpakTuyna 3HauuMmicTb. Pesynbrat pobGoTH
MOXYTb OYTU BUKOPUCTAHI Mif 4ac pO3pOOKU TEXHO-
JIOTiiA IMITyJTbCHOTO OypiHHSI CBEPIJIOBUH, MIJIS1 BU3HA-
YeHHS eHeproe(eKTUBHUX ITapaMeTpPiB IIPOIIECy.

KirouoBi cnoBa: aimasne O6ypinns, imnyibcHe
NPOMUBAHHS, MEeMNePaAmypHi HANPYICCHHs

Ilenn. MccnenoBaHme BIMSHISI IMITYIbCHOM TTOIA-
Y1 IIPOMBIBOYHOM KUIKOCTH ITPH OYPESHUH alIMa3HBIMU
KOPOHKaMU Ha pa3yIIpoYHEeHNE TOPHOM ITOPOIHI.
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Mertoauka. TeopeTueckoe MccaeIOBaHUE TPO-
LIECCOB pa3yMpOYHEHUSI TOPHOM MOPOIbI IIPU HecTa-
LIMOHAPDHOM TEPMUYECKOM BO3IEHCTBUM HA OCHOBE
TEOPUM TEPMOYIPYTOCTU. BBIITOIHEH CpaBHUTEIb-
HbII aHAJIM3 TEPMOHAIIPSIKEHHOTO COCTOSIHUS IIOPO-
JIbI TIpYA OYPEHUU C UMITYJIbCHBIM U IIOCTOSIHHBIM pe-
JKMMaMU IIPOMBIBKM.

PesynbraTtsl. OmnpeneneHbl YCIOBUS Iepexona
TPELIMH B ITOABMXKHOE COCTOSTHUE Y CHYDKEHUE TTPOY-
HoCTU mopoxbl. [lolydeHbl pacyeTHbIE COOTHOIIE-
HUS JJIST CKOPOCTH Pa3BUTHS TPEIINH U BpeMEHH 3a-
IIep>KKHM TIpoliecca paspymeHus. [TokazaHo, 4To TIpu
WMITYJIbCHOM pPEXUME ITOHa4YM ITPOMBIBOYHOM KW~
KOCTHU B TOPHOI ITOPOJIE CO3AI0OTCS YCAOBUS IJISI TEP-
MMYECKOrO paspyllueHust. 3a cueT 0ojiee BBICOKOIA,
yeM JJISI PEKKMMA C IIOCTOSIHHOM IIPOMBIBKO, aMILIA-
TYIbI TEMIIEPATYPbl Ha 3a00€ CKBAXKMHbBI IIPOUCXOIUT
pa3ynpoYyHeHre MOBEPXHOCTHOIO CJIOSI TOPHOI IMO-
ponbl. ITpu OypeHuM 10 TpaHUTY cpelHee CHUKEHUe
MPOYHOCTH cocTaBiseT 12 %.

Hayynas HoBu3HA. BriepBble BBINIOJTHEH aHaIU3
TEPMOHAMNPSDKEHHOTO COCTOSTHYS TIOPOJIbI 1 000CHOBA-
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Ha BO3MOXKHOCTb UCITOIb30BaHUSI TEPMOLIUKIIMYECKOTO
addexTa a5 nopbieHUs 3POEKTUBHOCTU Mpolecca
Ppa3pyIICHNUST TOPHOM TTOPOIBI TIPX OYPECHUH aIMa3HbI-
MU KOpoHKaMmu. BriepBble orpenesieHbl XapaKTepuCcTH-
KU Mpoliecca TepMUUECKOTO pa3pylleHs TOPOIAbL: MU-
HUMaJIbHbIE pa3Mephbl TPEIIMH U MUHUMAJIbHOE BpeMs
3a7epKKM Hadyaja pas3pyllieHUs, BBIIOJIHEHA OlleHKa
CHIDKEHUST MPOYHOCTU TIOPOABI IIJISI aIMa3HOoro Oype-
Hus. [TokazaHo, YTO TEXHOJIOTHSI UMITYJIbCHOM Moaayu
MPOMBIBOYHOI KUIAKOCTU CIOCOOCTBYET CHUIKEHMS
SHEProeMKOCTH Tpoliecca pa3pylueHus TOPOIbI.

IIpakTUyeckasi 3HAYUMOCTD. Pe3ynbraThl paboThl
MOTYT ObITh MCHOJIb30BAHBI MPU Pa3zpabOTKe TEXHOJIO-
TUI UMITyJIbCHOTO OypeHUsI CKBaXKWH, JJIs1 omnpenese-
HUS 9HeprodPEeKTUBHBIX TTapaMeTPOB Mpoliecca.
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DETERMINATION OF FACTURE TOUGHNESS OF ROCKS OF A SHALE
GAS RESERVOIR USING STRAIGHT-NOTCHED BRAZILIAN DISC
(SNBD) SPECIMEN AND WELL LOGS
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BU3HAYEHHA MIIIHOCTI HA PO3PHUB ITIOPI POJOBHUIIA
CJAHLEBOT'O I'A3Y 3 BUKOPUCTAHHSAM 3PA3KA
NMPAMOIIOBHOI'O BPASUJIBCBKOI'O IUCKA (SNBD) I KAPOTAXY

The straight-notched Brazilian disc (SNBD) specimen is used to test the mode-I and mode-II fracture tough-
ness of a shale gas reservoir. The tests are conducted on 14 shale specimens which are taken from the shale gas
reservoir in the southwest Chongqging, China. The technique of high-pressure water jet cutting is applied to pro-
cess the pre-existing notch within specimens to avoid the influence of central hole on the notch to ensure the ac-
curacy of the testing results. Based on the testing results, mode-I and mode-II fracture toughness prediction
models of the shale gas reservoir are established. The predicted fracture toughness and testing results show good
agreement. The results indicate that the mode-I and mode-II fracture toughness of the shale gas reservoir are in
direct proportion to the rock density and interval transit time, and inversely proportional to the shale content. The
prediction models can be used to establish continuous fracture toughness profiles of the shale gas reservoir and
effectively guide the selection of optimal layer before hydraulic fracturing.
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