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The use of liquid nitrogen (LN,) as a freezing agent has been shown to help enhance the permeability
of the rock, making it easier for fluids to pass through, which improves how much water or steam can
flow from the reservoir. This is especially useful in Hot Dry Rock (HDR) systems. This study looks at
how exposing granite to low temperatures affects its strength after it has been cooled down after being
heated. Fracture Toughness Tests were done on granite samples after they were first baked at different
temperatures from 100 °C to 400 °C before being quickly cooled with LN, to copy what happens when
something gets suddenly cooled quickly.

The tested granite samples were taken from a place that is around 50 km away from Astana, in the
Akmola region of Kazakhstan. Experimental measurements helped find important mechanical values like
the maximum load the sample could handle, how much stress builds up at the tip of the crack, and how
much energy it takes to make the sample break. The results show that using liquid nitrogen makes it
much easier for cracks to start and spread in the sample, and doing LN, treatment at higher pre-treatment
temperatures makes it happen even faster. A consistent decrease in both the stress intensity factor and
fracture energy as the temperature went up could be seen. These findings show that using LN, to freeze
and crack the rocks can be a useful way to help boost the flow of geothermal energy from certain types
of hard rocks.

Keywords: geothermal energy, Kazakhstan, cryogenic fracturing, liquid nitrogen, fracture toughness
test, intensity factor, fracture energy, granite, HDR( hot dry rocks).
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Cyitpik a3otThl (LN,) My3/iaTy areHTi peTiHzie MaiijanaHy reoTepMasi/bl MOTeHIMA/bl 6ap Tay »KbIHbI-
CTapbIHbIH, OTKI3TIILITITiH apTThIPyFa KOMEKTeCeTiHi Aaengenai. byn CyMbIKThIKTapAbIH 6TYiH JKeHinzie-
Te/li )KoHe COJT apKbLIbI XKEP aCThl pe3epByap/apblHaH Cy Hemece Oy IIbIFY MYMKIiH/ITiH »KaKcapTasbl.
Onpait Tay >KbIHBICTAphl 9/leTTe BICTHIK Kyprak Kyhze 6onagel (hot dry rock, HDR). Byn 3eptrey rpa-
HUTTI KBI3[BIPBIT, OHBI CYMBIK a30TIIeH Te3 apaZia CalKbIHAaTy[aH KeliiH OHBIH, OepikTiriHe kasaii acep
eTeTiHiH KapacTbipazibl. By xkyprisinren coiHakTap 100 °C-taH 400 °C-Ka AeiHri apTypJii Temnepary-
paZia KbI3AbIPbLIFaH TPAHUTTEP/i KAMThI/IbI.

ChIHa/IFaH rpaHUT yirisiepi ActaHaziaH maMaMeH 50 KM KalllbIKTIKTa, Ka3akcTaHHbIH AKMO/1a 00/1bI-
CbIH/Ia OpHA/IaCKAH JKepZeH a/bIH/bl. DKCIIePUMEHTTIK 6eJIlliey/iep IPaHUT TacTapbIHbIH, KeTepe ajaTblH
MaKCHUMaJIIbl XKYKTeYiH, >KapbIKIIAKThIH YIIIbIH/A KaHIIIa KbICHIM >KWHA/AThIHbI JKoHe Y/riHi 0y3y yIriH
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'OPHOE 1N HE®TEI'A3OBOE JEJIO

KaHIlIa SHeprusi KakeT 00/aTbIHbI CUSKThI MaHbI3bl MeXaHUKa/IbIK MaH/ep/i Tabyra kemekrecTi. HaTu-
KeJiep CyMbIK a30TThI Makiia/laHy TPAaHUT TaCTapbIH/aFbl XKapbIKTap/bIH Maiiia 00/TybIH J)K9He TapatyblH
anTap/bIKTal )KeHi/IeTeTiHiH, ajl eHJeyre AeUiHTi )KoFapbIpakK TeMrepaTypaza KbI3AbIPbLIybl XKoHe CYii-
BbIK, a30TKa 0aThIPbUTYBI OHbI OflaH [ia JKbl/IlaMbIpaK, eTeTiHiH KepceTei. Temreparypa KeTepiireH cabiH
KbICHIM KaPKbIH/BUIBIFBI ()aKTOPLIHBIH, Jd, CbIHY SHEPrUsChIHBIH, [Ia TYPAaKThl TeMeH/leyiH Oalikayra 6o/a-
Ibl. By HOTVKesep KypFakK bICTBIK Tay >KbIHBICTApbIH MY3/aTy JKaHe »kapy yiuiH LN, naiifanaHy KaTTbl
JKBIHBICTApZBIH Oenrisi 6ip TypiepiHeH reoTepMaiblK SHEPTUs aFbIHBIH apTTBIPY/IbIH, TTakAasIbl 3fici 60-
JIybl MYMKIH €KeHiH KepceTe[i.

TyiiiH ce3pep: reoTepmasibl 3Heprus, KazakcraH, KpUoreH ik Xapy, CYHbIK a30T, >KapbIKIlIaKka Te3iM-
JITK ChIHAFbI, KAPKBIHABUIBIK KO3(hdULIMeHTI, )KapbIKIIIak, 3Hepruscel, TpaHuT, HDR (Kyprak bICTBIK KbI-
HBICTap).
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Bbi710 J0Ka3aHo, UTO UCMOMb30BaHue XUAKoro a3ota (LN,) B KaueCTBe 3aMOpa’KMBaroILlero areHTa rmo-
MOraeT TMOBBICUTb ITPOHULIA@MOCTD TIOPO/IbI, 00/1eryasi MpOXoXKAeHHe >KUAKOCTe, UTO 103BOJIsieT YBeJTU-
YnTh 00BEM BOZBI W/IM Tapa, KOTOPbIe MOTYT BhITEKaThb M3 pe3epByapa. DTO 0COOEHHO IM0JIe3HO /IS TO-
psiunx cyxux ropsbsix nopog (hot dry rock, HDR). B 3ToM uccieoBaHUM pacCMaTpUBAeTCsl B/IWSIHUE
BO3/|eliCTBUS HU3KUX TemIepaTyp Ha MPOYHOCTb FPAHUTA MOCJ/Ie ero oxXJiaXkAeHus nocsie Harpesa. Mcrbl-
TaHUS Ha TPEL[UHOCTOMKOCTh OBI/TM MIPOBe/IeHbI Ha 00pa3iiax TpaHUTa MOC/Ie TOro, KakK OHU ObLIM CHavasia
HarpeTsl TTPU pa3nuuHbIX Temrepatypax oT 100 °C mo 400 °C, a 3aTeM OBICTPO OXJIaXKAEHBI C TIOMOIIBIO
LN,, uToOBI BOCITPOM3BECTH TEPMOIIIOK, KOT/Ia UTO-TO BHE3AITHO OBICTPO OXJIaXKJAeTCsl.

[TpoTecTrpoBaHHbIe 00pa3Lbl rPaHUTA ObLIM B3STHI U3 MeCTa, PacIioI0KEeHHOr0 MPUMepHO B 50 KM
ot AcraHbl, B AKMO/MHCKOM 00sacti KasaxcraHa. DKcriepuMeHTa/lbHbIe M3MepeHusi TIOMOIJIN OTIpe/ie-
JIUTH Ba)KHbIe MeXaHWUeCKHe rapaMeTphl, TakKie Kak MaKCUMaslbHasi Harpy3Ka, KOTOPYIO MOXXET BbIZep-
aTb obpasell, BeJIMUMHA HaTpsDKeHsl, BO3HHUKAIOIL[Ero Ha BepIIHHe TPEIHHbI, ¥ KOJTMYeCTBO SHEeprHH,
3aTpaurBaeMoi Ha paspylueHue obpasija. Pe3ysibraThl MOKa3bIBakOT, UTO MCIIOIb30BaHKE >KH/KOTO a30-
Ta 3HAYUTE/TLHO 00seryaeT oOpa3oBaHUe U PacTpOCTPaHeHHe TPelIyH B oOpasie, a oopaboTtka LN, ripu
Ooree BHICOKMX TeMIlepaTypax Ipe/iBapuTe/ibHON 00paboTKM 1103BOJIsIeT cjes1aTh 370 elrje ObicTpee. C 11o-
BBILIIEHUEM TeMITepaTypbl Hab/MI0aoCh TIOC/Ie/IoBaTe/IbHOe CHIDKEHNEe KO(PQULIMeHTa HUHTeHCUBHOCTH
HarpspKeHWH Y SHePTUM pa3pylieHus. JTH pe3y/bTaThl TIOKa3bIBAKOT, UTO UCIO/b30BaHue LN, a/s 3a-
MODa>KUBaHWUsI U PaCTPeCKUBaHUs TOPHBIX MTOPOJ, MOXKET OBITH I10JIe3HBIM CTIOCOO0M yBeTMYeHHUs! IT0TOKa
reoTepMaJbHOM SHEPIUU U3 OTIPe/ie/IeHHBIX THUIIOB TBEPABIX TIOPO/,.

KimoueBble c/10Ba: reotepMasnbHas SHeprusi, KasaxcraH, KpUOreHHbIN paspblB, XXUIKAW a30T, UCTIbI-
TaHUe Ha YCTOMYMBOCTB K pa3pylleHHt0, KO3 (ULMeHT MHTEHCUBHOCTH HalpsKeHUH, SHeprys paspylie-
Hus, rpanut, HDR (ropsiume cyxve nopogpl).

Introduction. With the world looking to reduce this happen. Interest has grown in Hot Dry Rock
emissions and use environmentally friendly energy, (HDR) formations due to their ability to provide
geothermal power has become vital for making temperatures that range from 150 °C to over
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500°C at depths of around 5000-6000 meters [1-
4]. Innovative though they are, HDR systems do
not work as well for business purposes due to their
naturally low ability to transfer heat. As a result, it
is important to apply new stimulation methods to
unleash all the advantages of these reservoirs [5-9].

One popular trend now uses liquid nitrogen (LN,)
in what is known as cryogenic fracturing. LN,-
based stimulation uses the low temperature and
pressure conditions at -196 °C to quickly contract
high-temperature rock. The heat shock leads to the
development of many small fractures that aid the
movement of fluids within the rock [10-14]. Unlike
traditional hydraulic fracturing which can lead to
chemical pollution and wastes a lot of water, LN,
stimulation is both cleaner and more sustainable.
The brittleness of granite at low temperatures allows
it to form many fractures, contributing to the overall
development of complex systems [15-20].

This research focuses on checking how granite
from the Akmola region in Kazakhstan responds
when it is subjected to cryogenic fracturing. For
our experiment, granite samples were first heated
to different high temperatures and rapidly cooled
with liquid nitrogen. Then, the fracture toughness
was tested to measure the thermal damage done.

Cracking behavior was investigated by using
fracture energy and mode I stress intensity factor
at different thermal conditions. This study aims to
find better, more environmentally friendly ways
to stimulate wells by examining the effectiveness
of using liquid nitrogen on HDR geothermal
reservoirs.

Materials and methods. Granite samples were
collected from rocks that stick out of the ground
not far from Vyacheslavka in Akmola, Kazakhstan.
For the fracture toughness tests, the samples were
made into a semicircular shape, which can be seen
in Figure 1. Prior to testing, all the specimens were
dried out in an oven for about 24 hours at 50
degrees to get rid of any moisture on their surface.
They were then put in a furnace and heated for
two hours at 100, 200, and 400 degrees Celsius.
After heating, the samples were lowered straight
into a liquid nitrogen bath for an hour to simulate
exposure to cryogenic temperatures (such as those
used in space). To make sure there was no more
moisture left, the samples were dried again at 50

C for an hour. The fracture toughness tests were
then carried out with the GCTS UCT-1000 testing
machine, which you can see on the right in Figure

Fig.1 - Granite specimen dimensions and setup

Results and discussion. The graph in Figure 2
shows the results of fracture toughness tests done
on granite after subjecting them to different hot and
cold temperatures. The sample only treated at 50 °C
acted as the reference, and the other samples were
heated to 100 °C, 200 °C, and 400 °C before being
frozen in liquid nitrogen for one hour. Each test

was duplicated twice to improve the reliability of
the data and cut down on measurement mistakes.
The specimens without any treatment reached their
highest peak load at 50°C, while peak load in
the others became lower with both thermal and
cryogenic treatment. With temperatures going up
during preheating, more and larger microcracking
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was found. Elevated temperatures caused more worse, resulting in a drop in its ability to hold
damage to the material, which LN, only made weight.

——No treatment (1)
——No treatment (2)
— 100 *C+LN: (1)
— 100 °C+LN: (2)
— 200 “C+LN: (1)
200 *C+LN: (2)
—400 “C+LN: (1)
— 400 °C+LN: (2)
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Fig.2 - Load vs crack mouth opening curves from fracture toughness tests
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Fig.3 - Load vs axial displacement curves after fracture toughness tests

The same fracture toughness test samples showed
the load-displacement curves that can be seen in
Figure 3. The untreated samples at 50 C had the
biggest strengths and could handle more pressure in
the experiments, since their graphs showed steeper
curves. In contrast, when samples were put through
a mix of heat and freezing, they were less strong

when stretched and moved more before breaking,
especially in the samples that were heated up to
400°C and then cooled down with liquid nitrogen.
This behavior shows that over time, the material
gets weaker because of things like expansion when
it gets hot, the development of tiny cracks, and
shrinkage when it gets cold. As these effects add up,
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the stone slowly gets softer and less sturdy, which

then results in it being less able to hold up to tension.

The results of Figure 4 show the stress intensity
factor results from fracture toughness tests, with
each pre-treatment compared to the reference
group preheated at 50 °C. When the pre-heating
temperature is raised, the material strength is seen to
decrease, indicated by a drop in peak stress intensity

1.8
1.6
1.4

1.2

K (MPa*m'?)

0.8

0.6
0.4

0.2

factors. In both experiments, the sharpest drop in
the value of stress intensity factor was found under
the 400 °C + LN, condition, with a value of 0.91
MPa-m' 2. Cooling the granite rapidly using LN,
after heating it to a high temperature turned out to
be the best type of experiment for inflicting internal
damage on the sample. Matching results between
both experiments and the trend seen support the
accuracy of the findings.

—No treatment (1)
——No treatment (2)
=100 °C+LN: (1)
—100 °C+LN: (2)
——200 °C+LN: (1)
200 °C+LN: (2)
—400 °C+LN: (1)
—400 °C+LN:z (2)
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0.4

0.3

0.2

Crack mouth opening (mm)

Fig.4 - Mode I stress intensity factor vs crack mouth opening curves after fracture toughness tests
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Fig.5 - Fracture energy vs process after fracture toughness tests

Figure 5 highlights the difference in mechanical measure. Fracture energy shows the total effort
behavior of granite when subjected to thermal and needed to break apart a sample of rock and is a sign
cryogenic loading, by using fracture energy as a of toughness. The best fracture-resistance was seen

320



'OPHOE 1N HE®TEI'A3OBOE JEJIO

in the granite samples preheated only to 50 °C, as
they were still largely intact and without damage.

Fracture energy was reduced by an average of
0.906 J when the granite was heated at 100 °C
and then quickly cooled with LN, in the first
two experimental trials. It seems that when rocks
go through a brief heating period and then a
sudden, extreme cooling, it causes internal fractures
that lower the strength of the rock. If thermal
pre-treatment is made more severe, the material

becomes more vulnerable to cracking and breaking.

Compressive tests for samples treated at 200 °C and
then exposed to LN, resulted in a fracture energy of
0.939 J, showing that the material had grown more
fragile.

Among all cases, the ones heated at 400°C
and cooled with LN, showed the lowest fracture
energy of 0.831 J. The significant change from
the reference condition means that major internal
damage and a loss of bonding between materials
occurred as a result of the thermal and cryogenic
stress during the test. All in all, the results
clearly show that higher preheat temperatures
before LN, treatment result in considerably softer
granite, proving the method’s success in improving

fracturing of rocks for geothermal use.

Table 1 displays the fracture toughness results
of granite specimens put through different thermal
shock conditions. Without any treatment, the K;
factor was measured at 1.71 MPa-m! 2. Still,
raising the temperature of the specimens and then
suddenly lowering it with liquid nitrogen caused
an obvious drop in their fracture toughness. There
was a drop of 17.8% in the K; value in both
trials when the temperature was set to 100 °C and
LN, was added. Significant decreases in content
occurred at higher degrees of preheating. The first
and second trials both saw decreases of 31.4% and
28.4% after using 200°C + LN,. Using 400 °C
+ LN, caused the most noticeable declines, with
a change of 45.8% and 47.4% in trials 1 and 2,
respectively. We clearly see a certain pattern in the
results. A higher temperature during the preheating
stage tends to bring down the fracture toughness of
granite before it is treated with LN,. The research
confirms that the level of damage to rocks after
LN, exposure increases along with the duration of
preheating, showing a proper relationship between
the damage caused by long-term exposure and high-
temperature conditions.

Table 1 - Effect of increase in temperature along with LN, to the peak values of mode I

intensity factor values

Specimen | Treatment | Peak value of Stepwise Difference from Average value of
KI Difference Baseline KI peaks
(MPa*m'?) (%) (%) (MPa*m'?)
1 1.72
No - - 1.71
2 1.69
1 1.41 -17.8 -17.8
100+LN2 1.40
2 1.39 -17.7 -17.7
1 1.18 -16.5 -31.4
200+LN2 1.19
2 1.21 -13.1 -28.4
1 0.93 -21.0 -45.8
400+LN2 0.91
2 0.89 -26.5 -47.4

Conclusion. Akmola granite samples were
studied through an experimental process using

liquid nitrogen (LN,) temperatures to see how it
affected preconditioned granite. The evaluation
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involved carrying out fracture toughness tests,
checking the load-displacement curve, and getting
readings of the fracture energy and stress intensity
factors. The key findings from the study are as
follows:

- Preheating over 400°C with LN, caused a
continuous reduction in load-bearing, and the group
with the highest preheated temperature showed the
least ability to support a high load.

- When materials were pre-treated at higher
temperatures along with liquid nitrogen, the

amount of fracture energy they absorbed reduced.

Combining heat and cryogenic cracking greatly
reduced the amount of effort required to overcome
the resistance of the granite.

- Calculations of K;j, a standard measure for
toughness, revealed that LN, makes cracks grow

more effectively at higher preheating temperatures.

- All of the samples proved to fail in the same
qualitative way during treatment under LN,, still
variations were noticed in the fracture energy and
toughness at different temperature levels.

The results taken together show that exposing
granite to heat and flash-freezing it significantly
reduces its strength, making it a useful strategy
for helping break up rocks in geothermal energy
production.
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