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ABSTRACT
Supercritical or superhot geothermal environments in high temperature ductile granitic crusts of ca. 400-500°C and 2-4 km depths
are recognized as a frontier of geothermal energy. In developing such environments, hydraulic fracturing is a promising way to create
or recreate permeable fracture networks (i.e., geothermal reservoirs) to effectively access the geothermal energy frontier with the
concept of enhanced geothermal systems (EGS). Previous studies on hydraulic fracturing of granite from near-critical to supercritical
temperatures under conventional and true triaxial stress state suggested that creation of fractures densely distributed in a large volume
of rock at relatively low water pressures may be possible due to stimulation of preexisting microfractures by low-viscosity water at
such high temperatures. Moreover, the previous studies showed that fractured granite samples had high permeabilities of 10 -15 m2 at
room temperature and atmospheric pressure. However, the maximum permeability created by the fracturing, and the criterion and
process for creating such complex fracture pattern have not been clear yet. Thus, the present study has conducted additional hydraulic
fracturing experiments on granite samples at 450oC under conventional triaxial stress state. As a result, it has been found that much
higher permeability of >10-13 m2 (measured at room temperature and atmospheric pressure) may be possible if water pressure does
not become smaller than the pressure required for fracturing, immediately after creation of some fractures that provide flow paths to
outside of the sample which usually occurs in laboratory experiments. Additionally, all results provided by the present and previous
studies have suggested that Griffith (or modified Griffith) criterion that assumes initiation of fracture from preexisting microfractures
(i.e., Griffith cracks) is largely appropriate for the hydraulic fracturing of granite with low-viscosity water. Based on this, it is inferred
that the complex fracture pattern is caused by initiation of fractures from preexisting microfractures distributed within granite by
infiltrated low-viscosity water and interaction of propagating fractures, and perhaps initiation and propagation of fractures at various
directions due to some variation of tensile strength within the rock.
1. INTRODUCTION
For over 100 years, geothermal resources that have temperatures of 150-300°C are used for electric power generation. On the other
hand, accessing deeper and hotter geothermal systems which have magmatic roots and temperatures exceeding the critical temperature
of water (374°C for pure water and 406°C for seawater) has been an ongoing challenge attracting a lot of attention. For example,
drilling into such deep and superhot geothermal environments has been demonstrated in Italy (Batini et al., 1983), Iceland
(Frioleifsson and Elders, 2017), the United States (Garcia et al., 2016), Mexico (Espinosa-Paredes and Garcia-Gutierrez, 2003) and
Japan (Kato, et al., 1998). Geothermal reservoir containing high-enthalpy supercritical or superheated water is called supercritical or
superhot geothermal resources, and resources such as the resource of 450°C found in Iceland have a potential to generate electric
power of an order of magnitude higher than conventional geothermal resources (Elders et al., 2014).
On the other hand, there has been a hypothesis that the continental granitic crust lacks permeable fractures because of the brittleductile transition (BDT). If this hypothesis is true, productive geothermal reservoirs can be created only in rocks with unusually high
BDT transition temperatures such as basalt (Scott et al., 2015). However, some permeability-depth relations proposed for the
continental crust show no drastic reduction of permeability at the BDT (Manning and Ingebritsen, 1999). To explore the possibility
that permeable fracture networks exist in ductile granitic crust. We previously performed a set of permeability measurements on
fractured granite at 350-500°C and effective confining stresses of up to ~100 MPa (Watanabe et al., 2017a). The experimental results
revealed that BDT is not the first-order control on rock permeability and therefore geothermal resources can be exist even in the
nominally ductile crust. However, there is still a concern about insufficiency or the long-term viability of the permeability of the
ductile granitic crust. Thus, developing methodologies to enhance or maintain the permeability such as hydraulic fracturing is
important for successful developments of the new geothermal resources.
As far as we know, few laboratory experiments concerning the hydraulic fracturing of granite or granitic rock have been conducted
under geothermal conditions to date. Most previous experiments were conducted at temperatures ranging from room temperature to
approximately 200°C (Solberg et al., 1980; Ishida et al., 2012). Therefore, we recently started to explore the possibility of hydraulic
fracturing and permeability enhancement in ductile granitic rocks (Watanabe et al., 2017b). We conducted hydraulic fracturing
experiments on granite up to 450°C under conventional triaxial stress and obtained valuable information regarding the initiation and
propagation of hydraulic fracturing in supercritical or superhot geothermal environments. In such geothermal environments, intensive
fracturing can occur at a relatively low injection pressure probably as a result of the stimulation of preexisting microfractures with
low-viscosity water at near-critical or supercritical temperatures and create a network of permeable microfractures densely distributed
in a large rock body. Moreover, in our latest study (Watanabe et al., 2019), we performed the first-ever experiments for hydraulic
fracturing involving the application of low-viscosity water to granite at temperatures at 400°C or higher under true triaxial stress. As
a result, we found that fracturing initiated at a relatively low injection pressure between the intermediate and minimum principle
stresses and suggested that the fracturing propagated in accordance with the distribution of preexisting microfractures, independent
of the directions of the principal stresses.
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Currently we have two interests on the hydraulic fracturing in supercritical or superhot geothermal environments. One of the interests
is the possibility to obtain much higher permeability than those reported previously, where the permeability after the fracturing
experiment on granite at 360°C and 450°C with axial and confining stresses respectively of 90 MPa and 40 MPa is 10 -15 m2 at room
temperature and atmospheric pressure (Watanabe et al., 2017b). We expect much higher intensity of fracturing and therefore much
higher resultant permeability when water pressure does not decrease after the pressure reaches the breakdown pressure. To address
this first interest, we have conducted hydraulic fracturing experiments at the same conditions with those in Watanabe et al. (2017b),
where water pressure was increased again to the breakdown pressure after the breakdown pressure was confirmed. The other interest
is the criterion of the fracturing and the process to create densely distributed fractures in the rock under the presence of differential
stress. The results in previous works (Watanabe et al., 2017b and 2019) have suggested that the primary cause of the fracturing is the
stimulation of preexisting microfractures by low-viscosity water. It is therefore expected that either Griffith or modified Griffith
criterion, which assumes failure from preexisting microfractures (Griffith cracks), may be appropriate for the fracturing. Moreover,
if this criterion is appropriate for the hydraulic fracturing, it is expected that the densely distributed fractures are produced mainly by
propagation of many preexisting fractures and interaction of propagating fractures. Here, the Griffith criterion is known to be
expressed as
𝜏 2 = 4𝛵𝜎𝑛,𝑒𝑓𝑓 + 4𝑇 2

(1)

where is the shear stress, n,eff is the effective normal stress, T is the tensile stress. In the modified Griffith criterion, the criterion
at n,eff > 0 is expressed as
𝜏 = 2𝑇 + 𝜇𝜎𝑛,𝑒𝑓𝑓

(2)

where  is the coefficient of friction (Brace, 1960). To address the second interest, we have conducted a hydraulic fracturing
experiment at 450°C with a larger differential stress (i.e., axial stress: 100 MPa, confining stress: 20 MPa) and discuss the
appropriateness of the criteria based on all experimental results from both present and previous studies (Watanabe et al., 2017b and
2019).
2. EXPERIMENTAL METHODS
We prepared cylindrical granite samples (diameter: 30 mm, length: 25 mm) with a single borehole (diameter: 1.5 mm, length: 10
mm). The granite is Inada granite from Ibaraki Prefecture, Japan. The tensile strength, Young’s modulus, porosity and permeability
of the granite at or near atmospheric pressure are 4-12 MPa, 55-80 MPa, 0.5-0.9%, and 1-8×10-18 m2, respectively (Lin et
al.,2003 ;Watanabe et al., 2017a, 2017b and 2019). For the samples, X-ray Computed Tomography (CT) was conducted before and
after the experiment under a dry, room temperature and atmospheric pressure condition at an X-ray tube voltage of 120 kV, an X-ray
tube current 150 A and voxel resolution of 30 m×30 m×30 m or 25 m×25 m×25 m.
An experimental system developed by Watanabe et al. (2017a) was used for the hydraulic fracturing experiments (Figure 1). The
novelty of this system is the use of a special triaxial cell, which uses a high-viscosity plastic melt as a confining fluid and a thin plastic
film as a sleeve. The plastic melt is composed of PEEK (polyether ether ketone), which has a melting point of 343°C and a
decomposition temperature greater than 538°C. Because of its high viscosity of 350 Pa s even at 400°C, sealing the PEEK melt is
easy. The plastic film is polyimide (thickness: ca. 50 m), which has no melting point (that is, it decomposes before melting) and a
high decomposition temperature of >500°C. It also acts as a release agent after the experiment. This triaxial cell can work at ca. 350500°C when using PEEK and at lower temperatures with a plastic that has a lower melting point, such as polyethylene.

Figure 1: Experimental system for the hydraulic fracturing experiments.

The sample wrapped with the polyimide film is first placed inside a plastic cylinder within a triaxial cell. A graphite gasket with a
hole for fluid injection is attached at one end face of the sample, and gasket without hole and copper plate are attached at the other
end face. A tube containing a plastic rod, which is used to inject plastic melt, is attached to the upper part of the cell. The cell is placed
within an electric furnace. At a small axial pressure of 2-5 MPa maintained by a hydraulic jack, the temperature is increased to a
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prescribed value (450°C in the present study), melting both the plastic cylinder and rod. A prescribed confining pressure (20 or 40
MPa in the present study) is then applied to the sample by adjusting the confining pressure through the plastic melt and the axial
pressure should be higher than the confining pressure (90 or 100 MPa in the present study). The confining pressure is controlled by
injecting plastic melt at a prescribed pressure through the upper tube, using a metallic piston that is displaced by pumping silicone oil
at constant pressure. In this study, we use pure water as a fracturing fluid. At the prescribed confining pressure, axial pressure and
temperature, pure water is injected into the sample at a prescribed flow rate (2 or 3 mL/min at room temperature in the present study)
or a prescribed pressure using a pump. The injected fracturing fluid is preheated to the prescribed temperature before entering the
sample.
Table 1 lists the conditions in the three experiments (Run 1-3) in the present study. In Run 1 and 2, temperature, axial stress, confining
stress, and flow rate were respectively 450°C, 90 MPa, 40 MPa, and 3 or 2 mL/min. The smaller flow rate in Run 2 was employed to
minimize blowing out of water and the confining fluid due to intensive fracturing which had been observed in Run 1. In these two
experiments, water was first injected at the above-mentioned constant flow rate until breakdown pressure was confirmed, then injected
at a constant pressure of which the value was equal to that of confining pressure, and finally injected at a constant pressure of which
the value was similar to that of the breakdown pressure. Moreover, permeability of the sample after the experiment was measured in
a radial flow geometry at room temperature and atmospheric pressure, where water was injected into the sample from the borehole
with the graphite gaskets described above. Permeability was calculated by Darcy’s low based on the differential water pressure
between the inlet and outlet, flow rate, water viscosity, and dimensions of the sample and borehole. In Run 3, temperature, axial stress,
confining stress and flow rate were respectively 450°C, 100 MPa, 20 MPa and 3 mL/min (with a maximum limit for water pressure
of 10 MPa), where acoustic emission (AE) monitoring was conducted on the pipe connected to the piston of the injection side and on
the loading flame as shown in Figure 1. AE monitoring was done because it was expected that rock failure occurred at lower water
pressure than confining pressure based on both Griffith and modified Griffith criteria and therefore breakdown pressure was difficult
to observe. According to Ishida et al. (2012), rock failure can be detected by AE monitoring. Note that AE monitoring at the two
locations was conducted to confirm that AE occurred from the inside of the triaxial cell by confirming that AE observed on the pipe
was much more active than that on the loading frame.
Table 1: Experimental conditions in Run 1-3.
Temperature

Axial stress

Confining stress

Flow rate

(℃)

(MPa)

(MPa)

(mL/min)

Run 1

450

90

40

3

Run 2

450

90

40

2

Run 3

450

100

20

3

Run No.

3. RESULTS AND DISCUSSION
Figure 2 shows visible fractures in CT images of the samples before and after Run 1 and 2, where two figures for each sample
respectively correspond to images in the directions parallel and perpendicular to the borehole (hereafter, we refer to vertical and
horizontal CT images). For each sample, there is no visible fracture (clear dark grey line) in the CT images before the experiment,
but there are many visible fractures in both vertical and horizontal CT images after the experiment. Note that visible fractures in the
CT images after Run 1 were highlighted by yellow because it was relatively difficult to see the fractures due to their relatively small
apertures. Especially, the sample is extremely fractured in Run 2, which precluded the permeability measurement after the experiment.
However, it is easily expected that permeability created in Run 2 is much higher than that in Run 1 because intensity of fracturing is
clearly much smaller for Run 1. Permeability of the sample after Run 1 was 2.6×10-13 m2, and therefore permeability created in Run
2 probably reached 10-12 m2. As expected, permeabilities created by the present experiments was much higher than those (10-15 m2)
reported by Watanabe et al. (2017b). In the previous experiments, water pressure higher than the breakdown pressure was not
maintained after the breakdown pressure observed, which may have caused termination of further fracturing or deformation of the
sample just after creating a permeable fracture network (i.e., much lower resultant permeability). Moreover, according to the CT
images after the experiments, all images show quite complex fracture patterns. There is no macroscopic through-going tensile or
shear fracture, implying many fractures were created at different locations and interacted with each other due to stimulation of
preexisting microfractures by the low-viscosity water.
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Figure 2: CT images for the samples before and after experiments.
Figure 3 shows the changes in the borehole pressure in Run 1 and 2. There is no large difference in the breakdown pressure between
two experiments. The breakdown pressures in the present experiments are ca. 50 MPa which is similar to that (42 MPa) in the previous
experiments at the same condition in Watanabe et al. (2017b). The difference observed among the breakdown pressures may have
been caused by variations in mechanical properties among rock samples. After the breakdown occurred, we temporarily decreased
borehole pressure to the same value with that of the confining pressure (i.e., 40 MPa), to confirm that the sample was not completely
fractured by experiencing the breakdown pressure for such instantaneous duration. As a result, we could confirm this point by
observing that it was possible to stabilize borehole pressure at 40 MPa. We then increased injection pressure gradually in Run 1 to
50 MPa, and finally observed further fracturing which were indicated by changes of confining pressure and borehole temperature,
and a sudden blowing out of the confining fluid and water from the triaxial cell. On the other hand, in Run 2 we increased the borehole
pressure to 60 MPa and observed further fracturing. This higher injection pressure in Run 2 may have caused the higher intensity of
fracturing. These results clearly demonstrated that fracturing of the sample was not completed by just experiencing the breakdown
pressure, and therefore the intensities of fracturing and resultant permeabilities in the present study were able to be much higher
compared to those in the previous study (Watanabe et al., 2017b). Considering hydraulic fracturing in subsurface environments, the
borehole pressure may be kept at pressures required for failure. Therefore, there is the possibility to achieve a similar intensity of
fracturing and permeability enhancement in supercritical or superhot geothermal environments.

Figure 3: Changes in borehole pressure with time in Run 1 and 2.

Figure 4 shows the CT images before and after the experiment in Run 3 together with the change in borehole pressure and AE energy
during Run 3. According to the CT images shown in Figure 4a, there is no visible fracture (clear dark grey line) before the experiment
while there are many visible fractures in both vertical and horizontal CT images after the experiment. Qualitatively, fracture patterns
in Run 3 are similar to those in Run 1 and 2, indicating fracturing process did not change so much by increase differential stress from
50 MPa to 80 MPa. However, it appears that complexity is relatively smaller for the larger differential stress. As expected, we did
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not observe the breakdown pressure as a sudden decrease of borehole pressure. However, a sharp increase of AE energy was observed
at borehole pressure of approximately 6 MPa by AE monitoring on the injection pipe connected to the piston inside the triaxial cell.
This increase of AE energy is related to AE activity inside the triaxial cell, because we did not observe increase in AE energy by AE
monitoring on the loading frame. Thus, fracturing occurred at borehole pressure of approximately 6 MPa in Run 3. According to the
theory of the conventional hydraulic fracturing for breaking borehole wall (Kehle 1964), the breakdown pressure is approximately
twice the confining pressure (40 MPa in the case of Run 3) if there is no pore pressure increment, and is approximately equal to the
confining stress (20 MPa in the case of Run 3) if pore pressure is equal to the borehole pressure, when the confining pressure is
higher than several tens of megapascals. The observed pressure of approximately 6 MPa is therefore much smaller than those
predicted theoretically, meaning that the main cause of the present fracturing was not the break of borehole wall.

Figure 4: CT images for the sample before and after Run 3 (a), and changes in borehole pressure and AE energy with time
during Run 3.

Figure 5 shows Mohr’s circles at failure of the samples, inferred from the breakdown pressures or AE activity in both present study
and previous studies (Watanabe et al., 2017b and 2019), together with Griffith (Eq. 1) and modified Griffith (Eq. 2) criteria. In
drawing the Mohr’s circles, we assumed that pore pressure was approximately equal to the borehole pressure due to the low-viscosity
of high-temperature water (ca. 50 Pa･s at 450℃ and 50 MPa, ca. 27 Pa･s at 450℃ and 6 MPa). In the figure, the blue circle
represents an average stress state at failure based on the average breakdown pressure (49 MPa) at axial stress of 90 MPa and confining
stress of 40 MPa in the conventional triaxial experiments by the present study and Watanabe et al. (2017b), while the red circle
represents the stress state based on the data in Run 3 of a larger differential stress of 80 MPa. On the other hand, the black circles
represent the average stress state based on the average breakdown pressure (10 MPa) at the minimum principal stress of 5 MPa,
intermediate principal stress of 15 MPa and maximum principal stress of 40 MPa in the true triaxial experiments by Watanabe et al.
(2019). In drawing the curves of Griffith and modified Griffith criteria, we assumed tensile strength of 7±2 MPa and coefficient of
friction of 0.6 considering literature for these parameters at room and higher temperatures (Heuze, 1983; Kinoshita et al., 1997; Lin
et al., 2003).
As we can see from the figure, Mohr’s circles at failure largely consistent with Griffith and modified Griffith criteria. Both criteria
show similar values at relatively low effective normal stresses (ca. <50 MPa) corresponding to the experimental results in the present
study. Although it is difficult to select a better criterion from these two criteria due to their similar values, it can be concluded that
Griffith theory of brittle failure, which assumes propagation of preexisting microfractures, is appropriate largely for the hydraulic
fracturing of granite with low-viscosity water that is likely to stimulate preexisting microfractures. Considering it is true that the
hydraulic fracturing initiates with propagation of preexisting microfractures distributed randomly in the rock due to stimulation by
low-viscosity water, the complex fracture pattern is caused by propagation of preexisting microfractures at many locations and
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interaction of propagating fractures. Moreover, if there is some variation in tensile strength within the rock as shown by the thick
curves in the figure, Mohr’s circles may reach the criterion at some points and preexisting fractures with some orientations (i.e.,
different stress state) can propagate simultaneously, which may also be a possible reason for the complex fracture pattern. Indeed,
the complexity of the fracture pattern produced from Run 3, for which the Mohr’s circle reaches the criteria in a narrower stress range,
is appeared smaller compared to those from the others as mentioned before.

Figure 5 : Estimated stress state of rock sample during fracture initiation and failure criterion for Inada granite at 400℃.
4. CONCLUSIONS
The present study has experimentally explored the maximum permeability created in granite by hydraulic fracturing with lowviscosity water at near-critical to supercritical temperatures that forms fractures distributed densely within the rock, and the
appropriateness of Griffith or modified Griffith criterion for the fracturing. Based on the hydraulic fracturing experiments at the same
conditions with those in the previous study, it has been found that permeability of >10-13 m2 may be possible when water pressure is
kept high enough to completely fracture the rock at applied stress state. Water pressure in the previous study decreased just after it
reached the breakdown pressure, which may have resulted in incomplete fracturing with the much lower permeabilities of 10 -15 m2,
while water pressure in the present study was increased again to the breakdown pressure, just after which the sample was further
fractured to produce the much higher permeability. The results from the hydraulic fracturing experiments in both present and previous
studies have showed that stress state at failure is largely consistent with both Griffith and modified Griffith criteria which are very
similar at the stress range considered herein. This suggests that Griffith theory of brittle failure, which assumes initiation of failure
from preexisting microfractures (i.e., Griffith cracks), is largely appropriate for the low-viscosity water fracturing of granite.
Moreover, the appropriateness of the criteria suggests that the complex fracture pattern created by the fracturing is caused by initiation
of failure at many locations and interaction of produced fractures.
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