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ABSTRACT: The commercial production from tight oil and gas reservoirs has been facilitated by the multistage hydraulic
fracturing of horizontal wells. This process typically requires the pumping of large amounts of slick water into the subsurface, a
this could be challenging in areas with a limited supply of water. Despite the commercial success of hydraulic fracturing with watel
still faces the problem of clay swelling and potential contamination of underground water. This has led to researetdstudies and
applications of liquid or supercritical carbon dioxide (SICh@Quring in unconventional oil and gas resources. Considering that

the propagation and characteristics of these man-made fractures are controlled by theiifiteerharimgechanical state of the
reservoir, we performed a series of fracturing experiments on tight sandstones using watep ahdli®Ce@Ostress
magnitudes. To explore the morphology of the fractures and quantify their attributes, we proposed a novel full-sample fractu
analysis approach, which is based on microcomputed tomography (CT) imaging. The results of this study indicate that th
breakdown pressure is a linear function of the minimum principal stress and tensile strength. We observe that the pattern al
geometry of the fractures created from SCh@Curing is more complex than those of water fracturing under the same stress
conditions. Our experimental results also indicate that smattantdil stresses lead to the creation of more fracture branches and
that fracture propagation is sigantly aected by the presence of initial bedding planes. Furthermore, oucajimtf the

fracture attributes (based on fracture extraction and digitization) indicates thafraGCi@g leads to the creation of more
complex fractures with rougher surfaces than water fracturing. This experimental study proposes a new full-sample fracti
guanti cation approach, which can be implemented to analyze fracture attributes precisgiyendidne results from this work

could provide insights and guidance for ¢lek application of SC-G@acturing in unconventional oil and gas resources.

1. INTRODUCTION reservoirs and minimizes the contamination of the surface
The signicant decline in the production of conventional oil €NVironment and subsurface aquiifetdt is also applicable

and gas reservoirs around the world has led to the commerdfhi@rid regions where the supply of water is lirriited.
development of unconventional resources, such as tight saffe@nsequently, the development of unconventional resources
However, the ecient development of these resources stilusing SC-CQis regarded as promising technology re-
faces numerous challengésAs of this writing, the cently.® **

commercial development of unconventional oil and gasRecently, a great number of simulation and experimental
reservoirs typically involves the multistage hydraulic fracturiatydies have been performed on Sg{@turing. Several

of horizontal wells by injecting a mixture of water and chemicadsearchers have studied tleeteof viscosity on the hydraulic
additives (known as slickwater) at high pressiies fracturing mechanism. Ishida et al. (2004; 2012), Inui et al.
inevitably leads to problems such as clay swelling (if2014), Bennour et al. (2015), Li et al. (2016), Zhang et al.
formations with clay minerals), environmental contaminatiof2017), and Wang et al. (2018y® performed fracturing

and formation damage, among othér3herefore, various  experiments and simulations witfextint uids (such as oil,
researchers have considered the use of other fraalitng water, C@ etc.) to investigate the fracturing characteristics.

that minimize formation damage and are more enviroRrpeir resylts indicated thatids with lower viscosities create a
mentally friendly. One of such potential fractunings is

supercritical CO(SC-CQ), which is an anhydrous ¢that _
is obtained when the temperature and pressure excé@l 31.1Received: October 23, 2020
and 7.38 MPa, respectively. Due to its special physical aR@'ised: December 9, 2020
chemical properties, SC-C@as been considered as an Published:January 7, 2021
alternative workinguid for the hydraulic fracturing of

unconventional resoure¥: It is also well-known that SC-

CO, fracturing can help to avoid clay swelling in the high-clay
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smaller formation breakdown pressure (FBP) than those withe center of the core sample. Furthermore, we attached a stainless-
high viscosities. They also show that low-viscosity fracturifge! casing with a diameter of 8 mm and a depth of 35 mm to the
uids (such as SC-GOtend to induce shear-dominant borehole using epoxy resin adhesives. This left an open-hole section of
fractures, whereas viscouids are more likely to induce 10 mm at the bottom of borehole.
tensile-dominant fractures. On th|§ basis, Zhang et al: i2Ozo}ests to determine the mechanical properties of the rock, such as
concluded that shear deformation can enhanceothe | niayial compressive strength and splitting tensile strength, among
conductivity more than in cases without shear deformatioBihers. The mineral composition and natural structure of the samples
More recently, Zhou et al. (2016), Li et al. (2016), Jia et akvere acquired using an X-rayatitometer and casting slice analysis.
(2018), Li et al, (2019), and Yang et al. (20626)* The basic petrophysical properties of the rock sample is summarized
conducted fracturing experiments to characterize the morphai-Table 1 Figure lpresents a rock slice and composition analysis,
ogy and other attributes of these fractures. The results shew
that SC-CQ@ can induce more complex fracture geometrieJable 1. Basic Mechanical Properties of the Core Sample
with a higher fracture surface roughness than in fractures

Prior to the fracturing experiment, we performed a series of rock

generated by water fracturing. Additionally, Li et al. (2016) density (g,/crﬁ)t P 2'671865

indicate that a positive relation may exist between the tcomfl’rests've fhre,\r;l?j (MPa) 67

minimum principal stress and the formation breakdown enstie streng (MPa) '
elastic modulus (GPa) 13.4

pressure. The fracturing experiments (using water and SC-

issors ratio 0.246

CO,) performed by Zhang et al. (2017), He et al. (2020), POISSO' I8
permeability (13 m?) 0.057
Zhao et al. (2018), and Hu et al. (2019}’ suggest that the orosity (%) 1140

fracturing process is urenced not only byuids but also by
the bedding planes, pre-existing natural fractures, in Situ e
stresses, etc. s
It is inevitable that the stress loading (state) in the
subsurface will have a sigant impact on the fracture
initiation and propagation. Even though several researchersg
have studied the ect of the in situ stress state on fracture
initiation and propagatiéh,the study of the fracturing
characteristics in rocks withetent geomechanical properties
still appears to be far from being conclusive. Therefore, in this
work, we investigate the mechanical response and fracture’:
propagation when the rock samples are appliedeterdi
stress states. Although several tools and fracture descriptior, (4
methods (such as optical observation, AE monitoring, two- % ;
dimensional CT scanning, goonetry techniques, etc.) have M, //;;Q ;
been employed in previous studies to characterize fracture
properties gsuch as the morphology, complexity, roughne&égure 1.Rock slice and compositional analysis shows that the rock
etc.)?#343¢ SBthese tools either lack measurement accuracy @entains 68% quartz, 9% Na-feldspar, and 12% mica, among other
cannot be applied on an entire core plug or sampte. ~ minerals.
achieve a full-sample quantitative analysis of fracturing, we
propose a more accurate and nondestructive method tehich reveals that the main average particle size ranges from 0.14 to
investigate the fracture morphology. 0.24 mm and that the dominant contact type between the particles is
In this Study' we perform hydrau”c fracturing experimenﬂyear. Genef:ally, the whole rock is relatively dense, with a small
on tight sandstone samples (under the triaxial stress conditidi‘i’}{‘l\}ber of primary intergranular pores.

; ) ; ; e also performed a full-sample CT scanning of a representative
using water and SC-GOWe investigate the fracture rock sample using a CT séfupefore conducting the fracturing

Chara_Cte”St'CS of the sample, when subjec'ged to varioligeriment. As shown figure 2 the rock sample is composed of
magnitudes and states of stress. We also applied a full-samypl&ent particles, which are distinguished bgretit grayscale
nonintrusive fracture analys{sased on micro-CT scanning) values® These grayscale values are a function of the value of the
to characterize the fracture morphology and quantitativé&tenuation coecient ( ), which is typically referred to as the CT
attributes. This work facilitates an understanding ofdgbe e number (CTN). According to the detion of CTN***°the scanned

of the magnitude and states of stress on fracture propagatismdstone sample in this woRkg(re B) is fairly dense and the
during SC-C@fracturing of tight sandstones. It could also |afjegree of cemen_tation is also strong. The S(_:attered_ White_ particles_and
a foundation for theeld application of SC-G®acturing in linear bands inside the rock indicate that it contains minerals with

tight sands and other unconventional resources. di erent properties, dlstrlbutlon_s, and partlc_le sizes. We also observed
the presence of natural bedding planes in this sample. From the

images shown iRigures land 2, we can conclude that the tight

2. EXPERIMENTAL METHODS sandstone used in this work is a type of laminated sandstone and has
2.1. Rock Sample Preparation.To investigate the mechanical initial bedding planes that are approximately in the transverse

response and the fracture characteristics when hydraulic fracturindiiection of the core.

performed in tight formations, representative tight sandstone outcrops2.2. Experimental Equipment. 2.2.1. SC-GOHydraulic

were collected from the Yanchang el in China. Standard Fracturing SetupWe used a laboratory fracturing system that is

cylindrical core plugs or samples (with diameters and heights of B&signed for multiplaiids (such as CGand waterf3** The setup

and 100 mm, respectively) were then cored from these outcrops ircansists of a pump, triaxial-loading system, sample holder, constant-

direction perpendicular to the bedding plane. To mimic thetemperature water bath system, control/measurement system, etc. (as

conventional wellbore into which fracturingls are injected, we shown inFigure 3. The pump is a plunger type and has a maximum

drilled a borehole with a diameter of 9 mm and a depth of 45 mm ipressure of 50 MPa. The triaxial-loading system is pressurized through

1309 https://dx.doi.org/10.1021/acs.energyfuels.0c03554
Energy Fuelg2021, 35, 13081321


https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig1&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c03554?ref=pdf

Energy & Fuels pubs.acs.org/EF

an oven for 24 h before the experiment. The experimental sample was
then placed in the triaxial core holder, and the targetimgrand

axial stresses were applied to the sample. The vacuum pump was then
triggered to test for blocking or leakage issues in all connecting
pipelines. Next, GQvas injected into the booster pump until it was
stabilized (normal pressure is 3.8 MPa). The constant-temper-

ature water bath system was circulated to maintain the booster
cylinder of the pump and sample holder at a spel@mperature.

Finally, the motor was triggered to injesd into the sample, and

the pressure and temperature were recorded every 0.1 s until the rock
broke and the pressure droped sharply. After fracturing, we ran CT
scans on the fractured samples in order to analyze the fracture
morphology. Finally, we note that the experiments were repeated
whenever we suspected an equipment error or the results did not
appear consistent. This was to ensure that our fracture experiments
and analyses are repeatable and representative of what happens in the
subsurface.

Figure 2.CT scanning image of sample before fracturing experimen: RESULTS AND DISCUSSIONS
(a) external structure of full rock sample and (b) internal structure of
middle-slice segmentation. In this section, the results of our fracturing experiment with

water and SC-CQunder various stress states are analyzed. We

a hydraulic pump that can load the specimen up to 80 MPa in tHa!SC discuss the formation breakdown pressure and recon-
longitudinal direction (axial stresg, and in the circumferential ~ Struction of the fracture patterns based on the CT images
direction (conning stress or pressuPgd, The measurement system oObtained. We then quantify the fracture properties using
can control the electric machine and vacuum pump and recoguantities (such as fractal dimension, area ratio, standard
pressure and temperature as they vary with time. The accuracy of f&iation of fracture aperture, etc.) that were estimated from
pressure measurement @1 MPa (1%) and that of temperature is the digital images. Furthermore, fracture attributes such as

° 0 . . .
ioé.lz.(zz.(%:/To)'Swnning SetuPhe “Zeiss Xradia 510 versaT ~ COmplexity, roughness, and fracture-induced capacity are
Iq&@gacterlzed using this approach.

scanning system was used in this study and was discussed by Ya .
al. (2020Y°The resolution was 58 at an X-ray working voltage of ~ 3.1. Breakdown Pressure under Dierent Stress

120 kV and current of 62.B as used in this work. The CT scanning States. 3.1.1. Theoretical DescriptioAs discussed in the
system works by emitting X-rays through rock samples and measuiimgoduction, fracture initiation and morphology may be
their attenuation on the downstream end of the sample. The radiatigf yuenced by several factors, such as the fracturihg
intensity can be expressed by CTN, whiditte the details on the — gyegg magnitudes, and rock heterogeneity, among others.
interior structure of the sampleThe entire rock sample can be nponventional fracture mechanics and continuum mechanics

scanned by this system before and after the fracturing experiment”™ . e .
2.3. Experimental ProceduresTable 2summarizes the @irent typically expresses fracture initiation as a function of the stress

fracturing experiments that weare performed with water and, SC-ct9ading and tensile strength of the rock. Under a triaxial

under dierent stress states. The sample makeated to 40C in condition, the plane of fracture or partingf tends to be
Sample holder Rock sample
P::lsg“:e \\—P /W ater bath system
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Figure 3.Schematic of the multiplaid fracturing device.

1310 https://dx.doi.org/10.1021/acs.energyfuels.0c03554
Energy Fuelg2021, 35, 13081321


https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03554?fig=fig3&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c03554?ref=pdf

Energy & Fuels pubs.acs.org/EF

Table 2. Experimental Schemes for the Fracturing Experifients

number uid type Td °C T/°C Q (mL/min) < x JMPa CT scanning
A-0/1 water 25 25 10 10 15 A-0/1
A-2/3 SC-CQ 40 40 40 1 15 A-2/3
A-4/---A-8 SC-CQ@ 40 40 40 5¢< 5/10 x 10/15 x 15/20 x 20/25 x 25 A-7
A-9/--1A-13 SC-CQ 40 40 40 5¢ 10/10 x 20/15 x 20/15 x 25/20 x 25 A-10
A-14/--/A-18 SC-CQ 40 40 40 1% 5/15 x 10/20 x 10/ 20 x15/25 x 20 A-16/A-17

2T,, uid temperaturet,, rock temperatur€, uid injection rate;., con ning stress;,, axial stress.

perpendicular to the least principal stféssThe formation Considering the stress states discussed above, the revised

breakdown pressurig,) can be expressedas, expression for formation breakdown pressure can be given as,
R=3rS wt SHK @ p_AatBet C

where ,, and p refer to the least and greatest horizontal b 2S (5)

stresses, respectivelys the tensile strength of rock, &pts
the pore pressure. If the core sample is treated as an elastiiere , and . stand for the axial and caing stresses,
medium with no pore spaces or pore presBurean be respectively, aril B, andC refer to the coecients of axial
simplied as stress, coming stress, and tensile strength, respectively.
R=3,5 4+ . @ 3.1.2. Experiment Results of Fracturing with Water and
SC-C@ 3.1.2.1. Breakdown Pressure of Rock Fractured by
However, if there is natural pore pressureidrpermeating  Water and SC-COThe pump pressure was monitored and

into rock, the above equation (W) can be moded ag>*® recorded against time during the injection of the fracturing

3.8 .+ .$2P uid into rock. When the pressure reached the threshold
h H t p . .

= _ strength of rock, the rock failed and the pressure declined
2(1Ss ) ®) sharply Figure 5gives the plot of the inlet pump pressure

where = (1 2)/(1 ) is a function of and . The against time for both water and SC-@@&cturing. It shows
symbol refers to the Biot constant, whileepresents the that the pressurization processes aegedit for water and

Poisson ratio. SC-CQ, even though both processes are conducted at the
For the impermeable case<( 0, P, = 0), this equation is ~ Same stress state. The pump pressure for water fracturing goes
expressed as through two pressurization processes before it reaches the
. formation breakdown pressure. It increases slightly at the initial

R=0B S ut 92 4) stage, then increases linearly for the remainder of the

experiment, as shown. The results also show that the rock

eventually fails (gets fractured) and the pressure drops

abruptly. It is worth noting that the duration of the entire

10 water fracturing process (40 s) is much shorter than that of the
a

Considering that our SC-g®acturing experiments were
performed on cylindrical rock samples (Bgjimre 4, we can

SC-CQ (Figure b) fracturing process, which lasts for 22 min.
This could be attributed to the much lower compressibility of
A water in comparison to that of SC,COnlike the water
il fracturing process, the plot of the pump pressure for SC-CO
fracturing Figure B) can be divided into three stages: the
uid pressure increases linearly and slowly faisth2 min
— - of the test, then the pressure increases rapidly until the
o formation breakdown pressure is reachednaiig the rock
fails. After the rock fails in the third andl stage, the GO
leaks and expands from the borehole to the outlet of sample
chamber.
-~ The formation breakdown pressures of the rocks fractured
T by water and SC-G@re shown iffable 3 It is notable that

the rocks fractured by water have a higher breakdown pressure
than those fractured by SC-CThe average magnitude of the
formation breakdown pressure from SG-ft&gturing was

62% less than that from water fracturing, which means that
SC-CQ can eectively decrease the formation breakdown
have three possible stress states. fEBbhecase is a triaxial pressure under the same stress conditions. This is because SC-
compression test, where the least and intermediate horizorf4D, has a much lower viscosity and surface tension but a
stresses are equal and applied as theirgrstress, which is  higher diusivity than water. This makes it more likely to
less than the axial stress (thatis= = w=P.< . The penetrate into the rock matrix and contribute to the buildup of
second case is a triaxial extension test, where theagon local stresses in small pores, resulting in the reduction of
stress is greater than the axial stress applied (that i%). e ective normal stress. This consequently leads to a reduction
The third and nal case is a hydrostatic test, where then the formation breakdown press(te Similar results have
con ning and axial stresses are equal (tHatgs, ).*’ been reported on fracturing experiments conducted on tight

Figure 4.Schematic of stress loading on rock sample.
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Figure 5.Plots of pump pressure versus time when fracturing with (a) water and (b) SC-CO

Table 3. Breakdown Pressure of Rocks Fractured by Water(longitudinally) because fractures tend to open against the

and SC-CQat Di erent Stress States least principal stresses. This ensures that the energy needed to
fracturing create a fracture is minimized. In fchis case, the Iea_st principal
group uid JMPa JMPa breakdown pressure/MPa  Stress to be overcome by the injecteid pressure is the
A0/ water 10 15 37.1 con ning stress, which acts horizontally. So, the fracture opens

vertically against this minimum horizontal stress. As presented

35.4 g L
in Figure @&, the value of breakdown pressure varies linearly
A-2/3 SC-CQ 10 15 22 . ; X
228 with the conning pressure. In case 2 (where thergng
case 1 sc-cq 5 10 215 stress is greater than the axial stress), the fracture may
< . propagate horizontally across the borehole (transversely). This
10 20 243 is because the least principal stress to be overcome by the
15 20 28.1 injected uid pressure is the axial stress, which acts vertically.
15 25 296 Figure 6 shows that the formation breakdown pressure is a
20 25 35.4 linear function of the axial stress. In case 3 (where the
case 2: sc-cq 10 5 16.5 con ning stress is equal to the axial stress), the breakdown
¢> a pressure is a linear function of the oy or axial stress
15 10 234 because they are equal in magnitude. The results are shown in
20 10 25.6 Figure 6. The tting linear functions (froffigure § for each
20 15 27.2 of these three cases are as follows: When the least principal
25 20 38.9 stress is the coning stress (in= < J):
cases o seL@ s 8 19 R = 0.9655,,+ 14.F4 ®)
10 10 21.3 . . .
15 15 975 When the least principal stress is the axial stfgss (, <
20 20 28.9 J:
25 25 37.6 R, = 1.3792,,+ 9.7692 )

When the least principal stress is theniog or axial stress

sandston& shale? %rgg granit¢ samples, as well as in ( mn= a= o:
numerical simulations> —

3.1.2.2. Eect of Dierent Stress States on Formation R = 0.94mpn* 1256 ®
Breakdown PressurA. series of sandstone specimens (listed According to classical fracture mechanics, the reason for the
in Table 2 A2 A18) were prepared for SC-Lfoacturing change of breakdown pressure is that the injection pressure is
experiments under various stress conditions. To ensure th&ed to overcome the least principal stress and some or all of
accuracy/reproducibility of the experiment, some of the testise tensile strength of the rock, thereby causing rock failure.
were repeated when the experiment either failed or gave restitsvever, due to the applied stresses, the rock sample will
with large deviations from the other experimentalidata.3 rupture or open against the least principal stress. The linear
outlines the formation breakdown pressures obtained when treationship from the experimental results indicates that the
fracturing experiment was conducted for tlegeadit samples  pressure of the injectedid needs to overcome both the rock
under dierent stresses. tensile strength and the least principal fr@se scatter in

In case 1 (where the caning stress is less than the axial the plots inFigure €can be attributed to the heterogeneity in
stress), the fracture tends to propagate along the borehdkee material properties (such as rock tensile strength,
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permeability, etc.), which could lead to stress concentrationsarial stress and the average breakdown pressure increases by
the rock and iruence the formation breakdown pressurel4%, 8%, and 14%, respectively.
during the SC-C{fracturing experimefit.

Additionally, from the experimental resulSdare 7 we

one of the two stresses (say oory stress) isxed and the
other (say axial stress) is increased. When the axial strese &xts of the dierential stress {

3.2. Fracture Patterns and Morphologies Induced by
Water and SC-CQ In this section, the fracture morphologies
observe that the formation breakdown pressure increases whenerated by water and SC,Gfcturing are investigated
using CT image reconstruction. We also characterized the

5) on the fracture patterns

maintained at 10 and 20 MPa, the breakdown pressumbtained from SC-COfracturing. Since the initial data
collected from the CT scanning setup are a series of two-
dimension (2D) slice images, we reconstructed the fracture
con ning stress isxed at 10, 15, and 20 MPa, the breakdownusing a post-processing software package that combines all
pressure approximately increases linearly as a function of these 2D images into a 3D rock model. However, itdaldi

increases (by 6% and 18%, respectively) as théngastress
increases (as shown fHigure @). Similarly, when the
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Figure 8 Full-sample reconstructed fracture morphologies underetivédirerential stresses: (a) water fracturingaatid ,of 10 and 15 MPa,
respectively; (b) SC-G@racturing at. and ,of 10 and 15 MPa, respectively;fJSC-CQ fracturing under the and ,of 20x 20, 20x 15,
20x 10, and 1& 20 MPa, respectively.

to view the fracture clearly from this 3D model since thean be easily segmented from the miaffigure Sshows the
fracture inside the rock is covered by the rock matrix. To vie8D reconstructed fracture morphologies obtained from water
the fractures clearly, we applied a threshold method thahd SC-CQfracturing under dérent stress states.

allowed us to distinguish between the fracture and the rock3.2.1. Fracture Induced by Water and SG-E@ure 8,b
matrix:* The CT scanner works by obtainingedént count  shows the reconstructed fracture generated by water and SC-
numbers (CTNs), which could be represented as grayscdl®, fracturing under identical stress statear(d , of 10
values that vary from 0 to 255, indicating the variation in thand 15 MPa, respectively). It can be seen from thermli
components and properties of the rock. We typicallyiew directions that the rock fractured by water initiates from
di erentiate between the fracture and matrix on the basis tfe bottom of borehole and then propagates transversely and
these grayscale values. After the rock and fracture wéwoagitudinally along two dirent directions. Besides this main
reconstructed, we set all the fractures to a grayscale value @fatture, one thin fracture branch along the longitudinal
and the matrix to a grayscale value 0, after which the fractutistribution is also induced near the main fracture. Although
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Figure 9.Thickness map of fractures induced by (a) water and (b) §C-CO

classical fracture mechanics theory indicates that the fractuyeserated, most of which have a similar propagation direction,
should propagate along the longitudinal direction in this streasich is along the horizontal direction in general. This
state (for homogeneous materials), the fracture actualigdicates that, when the stresemince is O, fracture networks
propagates along the traarse direction because its with several branches are formed and the propagation
propagation path is menced by the presence of pre-existingdirections are roughly identical. When the stres®uice is
bedding planes in an actual rock sample. Since rocks typicallyiPa Figure 8,d), the main fracture propagation direction
contain bedding planes, fractures are more likely to propagatsforms to the classical fracture mechanics, which indicates
along these planes of weakness in actual rocks. This indicdled fractures should propagate along the direction of the
that the process of fracture propagation is controlled not onfpaximum principal stress. Besides, therevarbranching
by the applied stresses but also by the heterogeneity in tiractures Kigure &) induced as well, and the direction of
material properties of the rock. propagation is nearly transverse. When the stesnde is

In comparison to the rock fractured by weagufe @), 10 MPa Figure &,f), the fractures generated under two
the rock fractured by SC-C@Figure 8) has a more di erent stresses show that the main fractures propagate
complicated fracture geometry and morphology. The mampproximately along the direction of the maximum principal
fracture that initiated from the bottom of borehole has &tress, while the branching fractures are similackedc by
similar propagation pattern to that induced by waterstlt  rock heterogeneity and propagate in the transverse direction.
propagates through the w@erse direction and nearly The reconstructed fracture morphologies under various stress
horizontal bedding plane. However, unlike with the rocltates suggest that smallerintial stresses tend to induce
fractured by water, we observed seven fracture branchesfracture networks with more branches, whereas lagge di
secondary fractures (besides the main fracture), most of whiehtial stresses create relatively simple fracture patterns. More
distribute in the subhorizontal direction. This result indicatenportantly, the initial bedding planes and pre-existence of thin
that rocks fractured by SC-C€an induce more fracture fractures have a sigrant impact on the fracture propagation.
branches and more complicated fracture networks ifhese experimental results with respect to dut ef stress
comparison to those fractured by water. Furthermore, thatate on laminated tight sandstone are in agreement with the
rock heterogeneity shows a greatecteon the fracture previous investigation results reported by Zhang et al. (2017)
propagation than the stress state in this work. The reason tizatd He et al. (2026)°
SC-CQ induced more complicated fracture patterns can be 3.3. Fracture Quanti cation Based on Reconstruction
attributed to its special properties, such as zero surface tensibrCT Images.Fracture complexity and roughness are two
and strong mobility, which makes it easy to percolate intsigni cant characteristics used to describe fracture morphol-
smaller pore spaces and contributes to the buildup of looadjy>? In this section, we quantitatively analyze the fracture
stress concentrations. SC,€@n realize local pressurization characteristics based on CT image digitization and a related
as the duration of the experiment is longer, resulting in moadgorithm. The fractal dimson, fracture volume, and
secondary and branching fractures. This can benednby standard deviation of aperture and fracture area ratio are
the fact that some of the secondary fractures are not directlged to investigate the fracture attributes of the entire rock
connected with the main fracture. sample. After the fracture phase is extracted from reconstructed

3.2.2. Eect of Dierential Stress on the Fracture rock through the threshold approach, fracture digitization and
Patterns.In order to investigate the et of the applied other post-processing were further performed to obtain
di erential stress on fracture propagation induced by SC-CQuantitative resufts.
the representative rock samples were scanned to analyze th&.3.1. Quantication Description and Algorithm.
fracture morphologkigure 8 f shows the reconstructed 3D 3.3.1.1. Fractal Dimensiofis a geometry analysis parameter,
fracture morphology under eliential stresses of 0, 5, and 10 the fractal dimension (FD) is a ratio that provides a statistical
MPa. When the coning stress is equal to the axial stressndex of complexity, which can be employed to evaluate the
(Figure 8), a main fracture initiates from the bottom of the complexity of a fractutéThe box-counting method was used
borehole and propagates obliquely to the rock boundary. &i calculate the fractal dimension in this work because it is not
the same time, nearly 10 secondary and branching fractureslamited by any dimension or patterns with or without self-
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similarity’” This method was realized ijng boxes (cubic) a ratio of the volume of the fracture netwdtk (o the
with di erent sizedhf into a geometry and then acquiring the e ective volume of the scanned rock sample:

relation between the box numiddy, and sizér. The FD is = V/V (13)
de ned mathematically as v
In(N,) whereV is the eective volume of scanned rock sanile (
ED = lim V V), Vrefers to the total volume of the scanned sample,
h 0 In(%) ©) andV, refers to the borehole volume contained in the scanned

sample.

Due to the fact that the image is represented by voxels, a3.3.1.4. Fracture Area Rafithe fracture area ratio (AR) is
fracture can be digitized by setting the voxel(sizi¢ size of ~ de ned as the ratio of the actual fracture agpdo(the
each voxel, which is resolutipin this work}> Additionally, projected areagf. The common approach for obtaining the
the variablebl, andh can be obtained byling boxes with  fracture areg is by calculating the ratio of the total fracture
di erent sizes into the digitized fracture and plddtiagainst ~ volume to the average fracture thickness, but this may result in
hin a log log plot. The FD was obtained as the slope of thesome errors. In order to estimate the fracture area more
straight line in this lodog plot® >® accurately, a fracture skeleton (or fracture medial surface) is

3.3.1.2. Fracture Aperture and Standard Deviation. introduced to represent the fracture area. The medial skeleton
Fracture aperturg,is a signcant parameter that is used to of a shape is a thin version of that shape, which is typically used
describe the fracturing characteristic. In previous publicatiot®, emphasize geometrical and topological properties of the
the aperture was also determined greint methods, such as shape, such as its connectivity, topology, length, direction, and
an optical measurement from an ordinary rock piceume width>® In this work, the most popular method, named
obtaining the fracture aperture from local 3D X-ray scans bpmotopic thinning] ® was used to obtain the fracture
the fracture surfatE’® However, these two methods are skeleton. The projected arg i the cross-sectional area of
either not accurate or cannot collect data for an entire fractuttbe rock minus the area of the borehole, if the fracture passes
In this study, the aperture of the whole fracture can bgérough the borehole. Both AR and SD of fracture aperture
obtained on the basis of fracture digitization. The fracture Were used to characterize fracture comgfeXit§,
digitized by several voxels of sjzeathich means that the
fracture is represented by small cubic boxes. So, the aperture ofR=

fracture can be calculated by D (14)
t=rxn (10) wheres is the fracture area, which can be obtained by taking
. , o o the sum of the area of each pixel in the medial skeleton.
wherer is the resolution of the setup (which is B88in this 3.3.2. Quantication of Fractures Based on CT Image

work), whilen refers to the number of voxels in the direction pjgitization. The fractal dimension of a fracture (computed
of the normal to a fracture surface (making up the fractur@smgeq 9 is based on fracture digitization. As shown in

aperture). As shO\_/vn igure 9the aperture map calculated Figure 10the FD induced by SC-GQaverage of 2.22) is
from a commercial software package depicts the fracture

thickness at dérent locations on the fracture surface. We also
obtained basic descriptive statistical data on the fracture
aperture (such as minimum, maximum, and mean of the
fracture aperture). Considering that the fracture aperture is
composed of a large amount of data arelt locations, the
standard deviation (SD) of the aperture was calculated to
qguantify the degree of deviation of the fracture aperture from
its average value. This standard deviation can be used to
indicate the roughness of the fracture surface and is given as

_\/ 1 N
D= |— 81
NS1,._, 11)

whereN refers to the statistical number of fracture apedyture,
is the fracture aperture of each statistical point, iarttie
average value of the fracture apetture.

3.3.1.3. Fracture Volume and Volume Fractimacture
volume is a sigrdant parameter for evaluating fracturing _. .
performance. As the extracted fractures are digitized by a se'?fgtgre 10.FD ;sl“es. ff iractures induced by water and $C-CO
of voxels, the fracture volume can be calculated by taking {he o varnous rential stresses.

sum of the volume all the voxels that comprise the full fracture.

The total fracture volumg is obtained as larger than that generated by water (average of 2.056) under
V= \gx N (12) the same stress state. It indicates that SCaD@reate more

complex fractures than water at the conditions of this

whereN, is the total number of voxels afyds the volume of  experiment. Various researchers, such as Jia et af*(2018)

each voxel, which is givenVgs= ri. The fracture volume and Li et al. (2019¥% have also presented similar results.

fraction () was determined to evaluate the fracture-induceérurthermore, the FD of fractures induced by S&-CO

capacity for derent uids or under derent stress states. Itis fracturing under various diential stresses could be obtained
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using the same approdgigure 1&hows that the FD tends to
drop slightly with increasing efiential stress, the averages of
which are 2.354, 2.263, and 2.18 fardntial stresses of 0, 5,
and 10, respectively (the specesults are listed in appendix
Table 4). This result indicates that smaktréntial stresses
may contribute to the creation of relatively complex fractures,
while higher dierential stresses tend to facilitate the creation
of simple fractures. This quantitative result is also consistent
with the fracture geometry and pattern describedciion
3.2

Additionally, the AR obtained from the fracture skeleton and
eq l4was also used to evaluate the fracture compiexity
1lindicates that SC-G®@an create twice larger fracture areas

Figure 12.Mean aperture and SD of aperture created by water and
SC-CQ.

than those induced by water fracturing, the distribution of the

fracture aperture is more dispersed, resulting in higher values

of surface roughness.

When the rock samples are fractured by SCu@der

di erent stress states, the fracture aperture and SD were

calculated. The result&igure 1 demonstrate that the

fracture aperture increases as the stremerdie increases

from O to 10 MPa, with mean apertures of 0.295, 0.3125, and

0.348 mm, respectively (more details are given in appendix

Table 5). The SD of the fracture aperture induced under these
Figure 11 Area of fracture surface and the ratio induced by water ar@| erent|a| stresses ShOWS an Oppos“:e tendency W|th respect to
SC-CQ. aperture. That is, the larger stressreince can facilitate the
creation of fracture surfaces with less roughness. On the

and AR than those induced by water (AR values of 1.47 ag@ntrary, smaller stress etences can induce narrower
3.47 for fractures induced by water and S r€€pectively).  fractures with more surface roughness.
This is consistent with results published by Wang et al. The fracture volumes induced by water and SQH@@r
(2016)8 Zhao et al. (2018%,Li et al. (2019¥? etc. The AR di erent magnitudes of drential stresses are also quantita-
values of fractures generated under stressedies tively characterized on the basis of fracture digitizatieq and
demonstrate that a larger stressrdince can create a smaller 12 The volume fraction is also calculated to evaluate the
AR value; the average AR values of fractures induced unéfécture-induced capacity. As showfignre 13 fractures
stress dierences of 0, 5, and 10 are 6.60, 4.24, and 2.7@enerated by SC-G®@ave 4 times larger volume and volume
respectively. This result indicates that fractures induced by S@ction than those induced by water fracturing under the same
CO, have a higher complexity in comparison to those induceiiress condition (the volumes are 4053.37 and 94875 mm
by water fracturing under the same condition. Furthermor#hile the volume the fractions are 3.04 and 0.705 for SC-CO
larger dierential stresses may induce simple fractures, whereas
smaller dierential stresses tend to induce fractures with a
higher complexity. This is also consistent with the quantitative
analysis of fractal dimensions.

The fracture aperture was obtained on the basis of fracture
digitization anéq 10 The results shown lfigure 14ndicate
that the average aperture induced by water (0.409) is thicker
than that created by SC-£(0.319) but that the SD of the
fracture aperture induced by water (0.124) is smaller than that
induced by SC-C0(0.207). This suggests that, although
water can create thicker fractures, most of the apertures
concentrate around the average value, resulting in a relatively
smaller SD in the fracture eajure. Furthermore, the
roughness of the fracture surface induced by water is smaller,
so the fracture is smoother and more uniform. On the contrary,
SC-CQ fracturing can create fractures with lower average
fracture apertures but greater SD of fracture aperture (than
that induced by water). This means that, even though theigure 13.Fracture volume and the fraction induced by water and
fractures induced by SC-Cf@acturing are relatively narrower SC-CQ.
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and water, respectively; additional parameters are listedreéleased in all directions, resulting in the generation of new
appendix Table 6). This illustrates that, although the mednactures that propagate in etent directions. Although
apertures of fractures induced by SG-@&rturing are fractures are relatively narrow in aperture, the presence of
narrower, they tend to induce more fracture branches, so teeveral fracture branches tends to facilitate the development of
fracture volume will be more than that created by watetonductive fracture networks. &id applications, proppants
fracturing. It also indicates that SC;685 a higher fracture- are pumped to keergj the fractures open and further enhance oll
induced capacity than water under this experimental conditicand gas productidni.

Moreover, the fracture volume and volume fraction induced by

SC-CQ under the various stress atences are also 4. CONCLUSIONS

computed. As shown ffigure 13it is notable that the |n this work, we conducted fracturing experiments on tight
fracture volume and volume fraction both decrease witdandstones using water and SG#2@ under dierent stress
increasing derential stress. The volumes are 5615.04, 4240.8&ates. The breakdown pressures of rocks fractured by water
and 2356.07 I'Tﬁ',T]WhI'e the volume fractions are 3.84, 3.15,and SC_CQ were investigated' and a novel fracture
and 1.65 at derential stresses of 0, 5, and 10 MPaeconstruction and quaration method was proposed on
respectively. This indicates that high stressedtes may the basis of full-sample rock CT images. Using this approach,
contribute to the creation of thicker but fewer fraCtUreS, anﬂ/e performed a quantita‘[ive ana|ysis of the fracture character-
the fracture-induced capacity is relatively worse than thgfics and eects of dierential stress on fracture propagation.
induced under low stressefences. Our experimental results indicate that SG@@turing

The creation of fracture networks that optimize oil and gagan eectively reduce the formation breakdown pressure by
production requires a massive number of fractures, as wellagproximately 60% in comparison to water fracturing. The SC-
the propagation of fractures further along the direction afQ, fracturing experiments under edént stress states
maximum principal stress. Considering that fracture progndicate that the formation breakdown pressure varies linearly
agation is sigreantly impacted by the presence of beddingith the least principal stress. When the axial (oniogh
planes and pre-existing fractures, fractures may propag@tess is kept constant, the formation breakdown pressure
transversely under drent conditions, which is not always shows a positive correlation with the oimg (or axial) stress.
toward the direction of maximum principal stress. Our Qur analysis of fracture morphology based on CT image
experimental results indicate that the fracture volume appegggonstruction indicates that SC,®@cturing creates more
to be a reliable indicator for fracturing capacity because all thémplex fracture networks than water fracturing. We also
rock samples used in this work were cored from the sama®serve that the complexity of the fracture geometry and
outcrop and have similar heterogeneity. pattern induced by SC-GQracturing increases as the

According to the above quaadtion characteristics of full- magnitude of derential stress decreases. In general, the
sample fractures, the fractures induced by S@#@@ring  main fractures tend to propagate in the direction of the
are relatively narrower and have a larger volume fractiqjreatest principal stress. However, fracture propagation is also
complexity, and roughness than those created by water ungdescted by the presence of bedding planes and pre-existing
the same stress condition. This may be attributed to thactures. The new or secondary fractures tend to preferentially
di erence in theuid properties of these two fracturingls. propagate along these bedding planes and fractures.
Given that SC-COhas a lower viscosity and zero surface The results of our quartation of fracture morphology
tension, it can easily penetrate to the rock matrix and smallgiggest that SC-G®acturing yields two times more fracture
pore throats and cause a localized increase in pore pressgggaplexity and more (67%) surface roughness than water
This could lead to the creation of more fracture branches @facturing under identical stress conditions. Although the
di erent sizes and more surface roughness and complextgctures induced by SC-C@re relatively narrower than
The higher viscosity of water could create a langelag at  those induced by water, the volume fractionef(the SC-
the fracture tip, which could create relatively smooth fractu®Q, fractures are 4 times greater than those created by water
surface$: Moreover, the low compressibility of water couldfracturing. This indicates that the SC-E&tures have better
limit the supply of continuous pressure after rock breakdowracture-induced capacity under the same stress state. Our
without injection, leading to the creation of relatively simplexperimental results also indicate that the complexity, rough-
fracture patterns. When fractures are initiated by highlyess, and volume fraction of fractures gradually reduce as
compressible SC-GCQhe energy stored in the SC,08 di erential stress increases. This implies that small stress
released to further extend the initial fractures during phaseviations tend to create complex fracture networks, while a
change, resulting in high-speed fracture propagation, whiglge dierential stress is more likely to create a simple fracture
consequently leads to the creation of more complex fractusgth fewer fracture branches.
patterns and branctés. The fracture quantiation approach we propose (based on

The results of SC-G@racturing in tight sandstones under CT images) can facilitate a nondestructive analysis of fractures
various dierential stresses show that largereintial stresses induced in an entire rock sample. The fracture morphology
tend to produce fracture networks with larger apertures babtained from CT reconstruction can be applied in fracture
smaller fracture volumes and fracture complexity and lowerodels for simulating real fracture networks. However, the
roughness. At small diential stresses, the induced fracturemethod is limited by the size of the rock sample and
has more branches, larger fracture volume, and highexperimental setup. At present, we can only scan rock samples
complexity and roughness. This could be attributed to thiess than 100 mm in size. Furthermore, the resolution of the
fact that high derential stresses tend to release the energy gstanning setup decreases with an increase in the size of the
the injected uid along a certain direction, thus forming a smaltock sample, which in turn limits the characterization of very
number of fractures with large apertures. On the contrary, snall fractures. Therefore, to improve the accuracy of our
low di erential stresses, the energy of the injegigavill be experimental results in a future study, an improvement in the
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