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Key Points

e Hydroshearing requires a natural fracture that is mechanically weak, hydraulically
conductive, and favorably oriented.

e Fracture shear slip does not always result in permeability enhancement; when phyllosilicate
rich, we observed decreasing permeability.

e Slip-tendency analysis improved by hydro-mechanical measurement helps to select the
best candidate fracture for hydroshearing in the field.

Abstract

We present hydro-mechanical measurements that characterize shear on natural fractures in schist,
amphibolite, and rhyolite specimens from the EGS Collab Project’s Experiment 1 and 2 sites (E1 and E2)
at the Sanford Underground Research Facility (SURF). We employed a triaxial direct shear method
augmented with x-ray imaging to perform hydroshearing (injection-induced shearing) and mechanical
shearing on naturally fractured specimens at in-situ stress conditions. Measurements included fracture
permeability, strength, stress-dependent aperture, shear dilation, and frictional strength. Results reveal that
in situ natural fractures must be permeable, weak, and shear-oriented to be hydrosheared, and only a subset
of the observable in-situ fractures were suitable. When sheared, the fracture permeability typically increased
by a factor of 10 or more and this increase was retained over time. However, shear slip did not always result
in permeability increase. High phyllosilicate content associated with exceptionally weak fractures exhibited
poor or even decreased permeability after stimulation. These measurements in combination with site data
were used to conduct a slip-tendency analysis for different fracture sets, and we selected the top candidate
natural fractures for hydroshearing at the EGS Collab sites. We also found that the lower in-situ shear stress
and stronger fractures at the E2 site make hydroshearing more challenging than at the E1 site. Overall, the
methods and analysis used in our work can be applied to any geothermal project to identify in-situ joint sets
that are best suited for hydroshearing, which in turn can help to optimize well placement and energy

production.
Keywords: triaxial direct shear; hydroshearing; enhanced geothermal systems; permeability; faults

Plain Language

Geothermal energy is attractive because it is green, clean, and ‘always on’. However, technical challenges
and high-capital costs historically hindered its development. Among the technical challenges, is a need to
reliably increase the rock permeability to promote productive geothermal wells. One leading method is
called “hydroshearing”, where fluid is injected to encourage shear slip along pre-existing natural fractures
and thus open the fractures to increase permeability. Our research focuses on the EGS Collab Project’s field
sites where we characterize actual natural fractures so that we can predict shear slip via hydroshearing and

then identify the best locations for drilling wells suitable for hydroshearing. This work included measuring
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a suite of coupled hydraulic and mechanical properties for crystalline geothermal rocks drilled from this
field site. We demonstrate that pre-existing natural fractures must be mechanically weak, favorably oriented,
and sufficiently permeable to be hydrosheared. Combining measured in-situ stresses with natural fractures
properties, we were able to identify suitable natural fractures for hydroshearing and to better optimize well
design at the EGS Collab sites. This positive outcome from our work could be similarly applied to full-
scale geothermal systems to improve well productivity, reduce the risk of failed wells, and to improve
economics.

1 Introduction

Geothermal energy is attractive because it helps secure energy supply, mitigate climate change, and comply
with future green energy policies. The GeoVision study estimates a potential 26-fold increase from 2019
geothermal energy production levels to 60 GW by 2050 in the United States (Hamm et al., 2019; Bromley
et al., 2010; Dobson et al., 2017; Fan, 2020). To expand geothermal energy production, enhanced
geothermal system (EGS) is a key candidate technology (Tester et al., 2006). Hydraulic fracturing is a
stimulation method for EGS, where high injection pressures are used to create tensile fractures.
Hydroshearing is another closely related stimulation method where fluid injection increases pore pressures
and then triggers slip along pre-existing fractures. Both hydroshearing and hydraulic fracturing are essential
process for enhancing rock permeability to create successful EGS (McClure and Horne, 2014a). However,
fracture shear slip and its effects are challenging to predict for a given site.

Characterizing shear slip on natural fractures and faults can better inform predictions of natural or induced
seismicity (Hincks et al., 2018), fault stability (Marone and Kilgore, 1993), and stimulated fracture fluid
conductivity (Frash et al., 2017). Prior works have investigated frictional strength for stick-slip behavior
(Leeman et al., 2016), permeability evolution during earthquake slip (Im et al., 2018), fault weakening
induced by fluid injection (Scuderi et al., 2017), and scaling relations from shear fractures measured in the
laboratory to the larger field situation (Pyrak-Nolte and Morris, 2000; Schultz et al., 2008; Frash et al.,
2019a; Wenning et al., 2019, 2021). Accurate site-specific characterization of shear fractures is especially
important for geothermal energy applications where it is hoped that shear-propping (McClure and Horne,
2014b) could be a good alternative to the conventional proppants that are expected to perform poorly at

high-stress and high-temperature conditions (Brinton, 2011).

The crystalline and sedimentary rock that constitute most geothermal reservoirs are characterized by low
permeability but often contain natural fractures (Dezayes et al., 2010). In this environment, conductive
fractures are the dominant mechanism for fluid flow and heat extraction. The EGS Collab Project is
investigating fracture-dominated high-stress crystalline-rock fluid-flow and the associated geophysical

signatures using decameter scale (~10m) hydraulic stimulation experiments at Sanford Underground
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Research Facility (SURF) in South Dakota. This effort contributes to solving the above challenges as well
as supporting future full-scale experiments at the Frontier Observatory for Research in Geothermal Energy
(FORGE) in Milford, Utah. The EGS Collab project field sites include Experiment 1 (E1) at 1480 m depth
and Experiment 2 (E2) at 1250 m. To assist the field scale hydraulic stimulation experiments and improve
understanding of EGS design, the laboratory work is needed to better understand the mechanisms of fluid

flow and hydroshearing potentials for those nature fractures in the field.

A variety of test methods were applied in the prior work, including direct shear, triaxial direct shear, triaxial
compression, and triaxial punch-through shear. Table S1 in the Supplementary Information summarizes
prior experimental studies on shear fractures. Most researchers found the permeability of granite can be
increased by one to three orders of magnitude after shear (Gentier et al., 1997; Esaki et al., 1999; Zhang et
al., 2019; Chen et al., 2020). However, there are differences as to where this enhancement persisted
(Witherspoon et al., 1980; Kluge et al., 2020; Ye and Ghassemi, 2018) or was lost (Nemoto et al., 2008;
Bauer et al., 2016). Recent findings showed that the fracture roughness strongly influences hydro-
mechanical properties (Ye and Ghassemi, 2018; Acosta et al., 2020). However, most work that studied
shear fracture properties, apart from Mitchell and Faulkner (2008) and Kluge et al. (2020, 2021), used either
saw-cut or a tensile splitting method, to produce planar to sub-planar fracture segments for experiments.
We note that manufactured fractures may not replicate the natural rough fractures in the subsurface that
have complex and heterogeneous structures including curvature, en échelon structures, stranding, damaged
fracture surfaces, gouge and chemical infilling (Rutqvist et al., 2018; Frash et al., 2019a). For the two
studies that used in-situ created fractures (Mitchell and Faulkner 2008; Kluge et al., 2020, 2021),
hydroshearing was not performed, and the hydro-mechanical behavior was tested only by mechanical shear.
Furthermore, most studies only focused on granite, some studies lack permeability measurements, and few
make hydroshearing measurements. The EGS Collab field sites include naturally fractured schist,
amphibolite, and rhyolite (Roggenthen, 2017; Kneafsey et al., 2019; Singh et al., 2019). None of the prior
research studied hydroshearing or coupled hydro-mechanical properties for natural fractures through these

crystalline rocks, so our work is the first to do so.

To better understand the fundamental mechanisms of fracture fluid flow and best assist the EGS Collab
Project’s hydroshearing stimulation design, we determined that the test should include: (1) direct flow
through the fracture that does not require in-series matrix diffusion; (2) stimulation of fractures at desired
representative subsurface conditions while simultaneously measuring permeability; (3) hydroshearing
attempts in the laboratory at replicated field stress conditions; (4) simultaneous mechanical, hydraulic, and
geometry measurement without unloading; and (5) targeting the EGS Collab's natural fractures obtained

from subsurface cores. In previous studies, only (1) and (2) were met. Some researchers (Nemoto et al.,
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2008; Bauer et al., 2016; Ye and Ghassemi, 2019, 2020) made significant contributions to exploring
mechanisms of hydroshearing, but these can't be readily applied to site-specific conditions. In effect, EGS
Collab provided a rare opportunity to combine site-specific measurements on targeted natural fractures to

inform decision-making to design wells and future hydraulic stimulations.

To satisfy the above test requirements (1 to 6), we conduct triaxial direct-shear experiments with integrated
real-time x-ray computed tomography (CT) on natural fractures in crystalline rock collected intact from
EGS Collab core with measurements of fracture reactivation, displacement and permeability among other
geomechanical parameters. Our study has two primary goals. First, characterize the hydro-mechanical
properties of natural fractures at the EGS Collab Project’s two sites, E1 and E2. This provides key inputs
for field-scale multiphysics simulations of geothermal energy extraction. Second, evaluate the implications
of these measurements (fracture strength and permeability) for predicting hydroshearing conditions for the
natural fractures at each site. This helps to identify in-situ joint sets that are best suited for hydroshearing
and optimize well placement in the field.

2 Experimental Methods

2.1 Specimen Preparation

Our specimens were cored from the EGS Collab sites on the 4100 and 4850 levels of SURF, at depths of
1250 m (E2) and 1480 m (E1), respectively. All test specimens were prepared as right-regular cylinders
with a nominal length of 25 mm and diameter of 25 mm. Two groups of field stimulation experiments were
originally planned. Experiment 1 (E1) focused on hydraulic fracturing and the forthcoming Experiment 2
(E2) is being designed to promote hydroshearing. The E2 site is located in the carbonate-rich, quartz-
bearing phyllite of the upper Poorman schist (PS01 specimens), whereas the E1 site is located in the Yates
amphibolite with rhyolite intrusions (Y AO2 specimens). Both sites were previously characterized for natural

fracture locations, orientations, and state of stress by Ulrich et al. (2018), and is summarized in Table 1.

Geologically, SURF is located in a metamorphic uplift zone consisting of multiple interacting anticlines
and synclines, resulting in a complex folded structure with intense fracturing (Ulrich et al., 2018). There
are three major joint sets as well as a distinct foliation at each of the two sites, including E1-JS1, E1-JS2,
E1-JS3, and E1-foliation at E1 site, and E2-JS1, E2-JS2, E2-JS3, and E2-foliation at E2 site. Note that the
two sites are distinctly different geological units, so E1-JS1 is different from E2-JS1. As shown in the
hemisphere plots of Fig. 1(a), poles to these joint sets represent local averages among clusters of natural
fractures that were observed by Ulrich et al. (2018) from mine tunnel surveys and drilled vertical, angled,

and horizontal holes (e.g., optical and acoustic televiewer borehole logs).
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Fig. 1la also shows the photographs of the specimens that we tested from the two experiment sites. These
cylindrical specimens intentionally targeted in-situ natural fractures and were oriented parallel to the natural
fractures so that shear could be experimentally induced along the natural fractures. At least one specimen
was prepared from each dominant in-situ fracture type, and a description for all specimens is given in Table
2. We tested a variety of features (all under the label "natural fracture™ following the terminology of Gale
et al. 2014) that included infilled natural fractures (e.g., veins), opening-mode fractures, infilled weak
natural fractures, and infilled fractures with locally elevated porosity. For example, two of the specimens,
YAO02-05 and PS01-11 were separated along the targeted fracture before testing due to weakness. The prior
separation for these two specimens prohibited core-plug drilling, so they were prepared as rectangular
coupons with a silicone rubber backing to adapt the prepared shape into the cylindrical triaxial direct shear
apparatus. YA02-01 was extracted from the amphibolite-rhyolite contact and contained visible pores, so it
was also suspected of being weak and permeable.

After the experiments, the infilling minerals of the shear fractures were collected and sent for X-ray powder
diffraction analysis (Table 3). These infilling minerals were mainly composed of phyllosilicate, carbonate
minerals, tectosilicate, and inosilicate minerals. Relative to the Yates amphibolite and rhyolite, the Poorman
schist contained notably higher concentrations of phyllosilicates and graphite. Phyllosilicate and graphite
are known to be low-friction materials (Boutareaud et al., 2012; Oohashi et al., 2013). Therefore, they

provide a mechanism for reduced frictional strength when present.

2.2 Facility description

The experiments used the triaxial direct-shear method (Fig. 1b to 1e) that was first developed by Carey et
al. (2015) and modified by Frash et al. (2016, 2017, 2019a). Here, axial force induces direct-shear stress on
targeted fractures by two L-shaped steel pistons. Pore fluid pressure and flow along this fracture are induced
by syringe pumps connected to each end of the specimen. Permeability measurements were continuous over
the entire experimental procedure. Geomechanical properties of the natural fractures were obtained by
aligning the direct-shear load path with natural fractures. A ‘flow path splitter’ in the form of a twisted wire
pair was used to avoid fluid channel blockage by small particles or debris generated by shearing the

specimen. In-situ x-ray imaging permitted real-time visualization of specimen deformation.

For those specimens whose natural fracture was not along the central plane of the cylindrical specimen
(YA02-02, YA02-03, and YAO02-04), a 0.2 mm thick segment-disk of stainless-steel sheet metal was
inserted to ensure that the initial shear force was applied to only one side of the fracture for measurement
of the fracture’s intact strength. For these specimens, shear displacement exceeding ~0.2 mm (i.e., the
thickness of the segment-disk) created boundary force changes resulting in fracture of the matrix (Fig. 1e).

Post-test inspection of specimens using this method confirmed two end-to-end fractures. In these
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experiments, the first shear stress peak gives the strength of the natural fracture, and the second gives the

strength of the matrix.

2.3 In-situ stress simulation
In our triaxial direct shear tests, we replicated the principal stress state measured from the E1 and E2 sites
(Table 1). For optimal shear orientation, we assumed a 30° angle between the minimum principal stress and
the normal to the fracture plane and a 60° angle from the maximum principal stress. None of the sampled
fractures or joint sets are optimally oriented for shear, and thus it is unlikely that natural fractures will
exactly match this orientation, but this enables the evaluation of hydroshearing potential at the actual site.
Using Mohr-Coulomb and Terzaghi's effective stress theory (Eqg. 1), this gives the stress parameters shown
in Table 1 where the maximum potential in-situ shear stress for the lab tests was estimated at 8.7 MPa for
E1 and 7.7 MPa for E2. The corresponding normal total stress was 29 MPa for E1 and 23 MPa for E2. It is
important to note that Table 1 includes recent stress measurements from the E1 and E2 sites in addition to
the numbers that were used for our laboratory tests. We relied on available data at the time of testing but
the differences from recent data are small.
o, =0,—p =07
T, < optan(p) + ¢
_0pt03 01—
A
_

% cos(26) @

T, = sin(26)

In the above, a,," is Terzaghi’s effective normal stress, g, iS normal stress, p is pore pressure, o7 is the
tensile strength, 7,, is shear stress on the fracture, ¢ is contact friction angle, c is cohesion, a; is maximum
principal compressive stress, a3 is minimum principal compressive stress, and 6 is the angle between the

minimum principal stress and the normal to the fracture plane.

Mechanical shear was completed using as much shear stress as needed to induce slip at the applied normal
stress. Initial shearing was performed at the in-situ normal stress state for an optimally oriented fracture
with respect to hydroshearing potential (Table 2). The use of multiple confining stresses after the first shear

event gives a Mohr-Coulomb type failure envelope from the triaxial direct-shear test method.

Based on Eq. (1), the minimum injection pressure (P;.) when hydroshearing could be triggered on an

optimally oriented natural fracture can be estimated by the following equation:

P, = 0.5(0y + 03) + taL — 0.5(0y — a3)/sin(p) (2)

n(e)
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2.4 Experimental procedure

The experiments consisted of shearing the specimens while simultaneously measuring hydro-mechanical
properties and fracture geometry. All tests were run at room temperature. Due to the significant differences
of each specimen and progressive understanding of their performance, some procedure changes were
required. This resulted in the specific procedures for each test varying, but the general procedures are as

follows with Fig. 2a as an example:

(1) Set up the specimen as Fig. 1, and increase the confining pressure to the target values, 29 MPa for PS01
specimens and 23 MPa for YAQ2 specimens. Maintain a pore pressure difference and measure flow rate
between the upper and lower ends of the specimen to observe specimen permeability. For example, as

shown in Fig. 2a, the inlet pore pressure is 2 MPa, and the outlet pore pressure is 1 MPa.

(2) Apply the direct shear stress at the in-situ stress value, 9.7 MPa for PS01 specimens and 7.7 MPa for
YAO02 specimens. Attempt hydroshearing by increasing the pore pressure to a value slightly lower than the
confining pressure to avoid jacket bursting. If axial displacement increment and/or a shear stress drop were

observed during pore pressure increase, it meant that hydroshearing had occurred.

(3) Pore pressure was reduced to original values in Step (1) of 2 MPa inlet pore pressure and 1 MPa outlet
pore pressure. Mechanical shearing was performed by increasing the shear stress via axial piston
displacement at a steady rate until mechanical failure was observed. This event was indicated by a peak or

plateau in shear stress as shear displacement increased.

(4) Optionally, maintain confining pressure and attempt to hydroshear again by increasing the pore pressure.
Axial displacement increments and/or a shear stress drop during increasing of pore pressure meant

hydroshearing had occurred.

(5) Perform additional mechanical or hydroshearing steps under the same or different confining pressure to
measure the hydro-mechanical properties of the fractured specimen. Properties of interest included shear
strength and permeability as a function of displacement and measurement of the fracture cohesion and
friction angle. The former requires a constant confining stress, while the latter requires changing confining

stress.

(6) Cycle the confining pressure to a high and then low value for the measurement of permeability and
fracture aperture as a function of confining pressure. This provides a key input of the impact of fracture

stiffness for coupled fracture flow and geomechanical models.

(7) Perform dynamic shearing with simultaneous changing of confining pressure and axial displacement to
larger displacement magnitudes. This procedure provides information about the shear strength (cohesion

and friction angle) and insight into the transient and variable behavior of permeability as a function of
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increasing shear damage. This procedure had a high chance of causing confining jacket failure due to dilated

apertures often exceeding 2 mm, so this test was reserved for the last stage of testing.
2.5 Permeability calculation

The value of fracture permeability depends on the geometry that is used to define the flow path. In this

study, we report the specimen bulk permeability as calculated by (Frash et al., 2017):

_ % ®)
Where, Q is volumetric flow rate, p is dynamic viscosity, L is specimen initial length, D is specimen
diameter, and AP is the pressure drop across the fracture. Calculating permeability only requires a single
flow rate measurement, but we calculate permeability using redundant flow rates from both the inlet and
outlet pumps in order to provide an uncertainty estimate (e.g., Fig. 2a). The typical limits of our permeability

measurement range are 1 uD to 100 mD.

3 Results and Analysis

Hydro-mechanical measurements were completed for PS01-03, PS01-06, PS01-08, PS01-09, PS01-11,
YA02-01, YA02-02, YA02-03, YA02-04, and YA02-05. In-situ x-ray imaging was run for PS01-06 and
PS01-11. In our experiments, the dilation (mechanical aperture) was measured using x-ray radiography
(Frashetal., 2016, 20194, b) to measure diameter changes (PS01-06 and PS011-11) or radial linear variable
differential transducers (YA02-01, YA02-02, YA02-03, YA02-04, and YAO02-05). The error of each
method is less than 0.01 mm, which meets our experimental needs. We describe the minimum
representative subset of these tests as needed to explain the compiled fracture parameters that we later

present. The supplementary information provides additional data for the other tests.
3.1 Naturally fractured Poorman schist (PS01-06)

Fig. 2 shows results from shearing an initially intact, infilled natural-fracture in Poorman schist (E1)
specimen PS01-06. This test used x-ray imaging to obtain shear displacement, bulk radial dilation, 3D
segmented aperture distribution, specimen rotation, projected 2D fracture void distribution, changes in
geometry with time, and location of saturating fluid volumes and the methods were described in Frash et
al. (2019a). Sequentially, this experiment included: (1) in-situ x-ray microtomography scan for intact
specimen, (2) an intact fracture hydroshearing attempt, (3) mechanical shearing at in-situ confining stress,
(4) a second hydroshearing attempt, (5) mechanical shearing at a different effective confining stress via
changing pore pressure, (6) stress-dependent permeability, (7) in-situ x-ray microtomography scan for the
fractured specimen, and (8) a dynamic shear test. Concurrent radiographs were continuous during the test

and provided valuable insights and confirmation of success or failure that conventional measurements are
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not able to provide. Full 360° CT scans were obtained before and after the shearing. At the beginning of
the test, we can see that the specimen was intact and the natural fracture is invisible to x-rays because it

was completely infilled (c.f. Fig. 1a).

The initial hydroshearing attempt involved increasing the inlet pore pressure to 28 MPa, which was limited
to be slightly less than the confining pressure of 29 MPa to prevent sleeve failure. However, the infilled
fracture permeability was low, so the fluid pressure was unable to promptly diffuse into the fracture. This
is an unfavorable condition for hydroshearing at field conditions because pressure must be able to permeate
into the natural fracture. Next, we increased the outlet pore pressure to 28 MPa and permitted time for
pressure permeation. No shear stress drop, permeability increase, or shear slip was observed, which
indicates that hydroshearing did not occur. The x-ray imaging confirmed that no shear stimulation had
occurred. After that, mechanical shear was performed, with a direct-shear strength of 58 MPa. A clear shear
fracture was generated, connecting both ends of the specimen (Fig. 2d). Specimen permeability increased
from less than 103 mD to the magnitude of 10 mD. Radial dilation increased from 0.03 mm to 0.14 mm.

With the newly created shear fracture returned to the original in-situ conditions, hydroshearing was
attempted again by increasing the inlet pore pressure. With the increased hydraulic conductivity from
mechanical shearing, the pore pressure at the outlet now quickly matched the inlet pore pressure. When the
pore pressure neared 20 MPa, hydroshearing was confirmed by increased axial displacement, aperture
dilation, permeability increase, and shear stress drop. When the specimen was hydrosheared from 0.3 mm
to 0.7 mm, the bulk radial dilation increased from 0.14 mm to 0.29 mm (x£0.01 mm) and the permeability
increased from 10~ mD to a maximum of 10 mD. The corresponding x-ray radiographs (Fig. 2d to Fig.
2e) show increasing damage from hydroshearing. After shearing, the fracture permeability retained a 25-
fold permeability enhancement (1 mD compared with 0.04 mD). The retained permeability is similar to
prior findings (Ye and Ghassemi 2018, Kluge et al., 2020) and confirms the ability of hydroshearing to

stimulate permeable fractures in the Poorman schist.

After hydroshearing, we further mechanically sheared the specimen at different effective confining stresses.
This provides a measure of residual fracture cohesion and internal friction angle. Finally, the stress-
dependent properties (e.g., permeability) were measured, and dynamic shear was performed. Dynamic shear
provides another measurement for the relationship between shear stress and confining pressure, and these

values closely agreed with the stepwise measurement, as to be described in later sections.

Observations of this type were used to modify the experiment procedures for follow-on tests to better target
many different parameters of interest. Our ultimate goal here was to identify natural fractures that were
capable of hydroshearing at the EGS Collab E1 and E2 while also obtaining measurements of the fracture

properties that are needed for future multiphysics predictive models.
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3.2 Mechanical properties of shear fractures

All fractures were sheared under multiple confining pressures and key values are summarized in Table 4.
Additional details regarding each test are provided in the Supporting Information. Using our results, we
optimized Mohr-Coulomb type failure curves to determine fracture cohesion and friction angle (Fig. 3).
Combined these results with in situ stresses into Eq. (2), the theoretical pore pressure to cause hydroshearing

can be calculated (Table 4).

Other than the weakest specimens PS01-11 and Y A02-05, the tested natural fractures from E1 and E2 were
too strong for hydroshearing at normal and shear stresses for optimally oriented fractures. For the
exceptionally weak fracture of PS01-11, only 6 MPa of fluid pressure was theoretically needed to induce
hydroshearing. In this test, hydroshearing occurred when the pore pressure reached 7.4 MPa (Table 4).
While slightly stronger, the weak YA02-05 specimen was hydrosheared at a critical pore pressure of 17.8
MPa, slightly larger than the theoretical predicted value of 16.7 (+0.7) MPa. In contrast, a pore pressure of
49 MPa was theoretically needed to hydroshear the PS01-09 specimen, so the actual hydroshearing could
not occur due to the limitation of our experimental confining pressure of 29 MPa. Overall, most of the
infilled natural fractures were too strong for hydroshearing. For these strong fractures, the critical pressure
for hydroshearing was higher than that for hydraulic fracturing. The cohesion we measured for these infilled
fractures was between 3.24 and 13.4 MPa, and friction angle was between 24.1 to 41.8° (friction coefficient
between 0.45 to 0.89).

3.3 Shear effect on apparent frictional coefficient

The apparent friction coefficient (u,) of fractures is defined as the ratio of shear stress (t) to effective
confining pressure (o;,). Fig. 4 shows the apparent friction coefficient for all tested specimens during
hydroshearing and mechanical shear. Since the fracture is rough with cohesion, the ‘apparent frictional
coefficient’ calculated here is higher than the actual ‘friction coefficient’ of the fracture achieved from
Mohr-Coulomb type failure curves shown in Table 4 and Fig. 3. The key point here is to discuss how the

fracture shear strength changes under the same effective normal stress during shearing.

Hydroshearing can reduce the apparent frictional coefficient of fractures. The coefficient values were
calculated by mechanical shearing data under the same effective normal stress prior and after the
hydroshearing. For example, Fig. 4(a) shows that the apparent frictional coefficient of PS01-06 drops from
(1.04-1.1) to (0.63-0.85) after hydroshearing, and Fig. 4(b) and Fig. 4(c) also show that the apparent
frictional coefficient dropped after hydroshearing for PS01-08 (from 1.23 to 1.20) and YA02-05 (from 1.10
to 1.06). During hydroshearing, the pore fluids dilate the fractures and decrease effective normal stresses.

This helps to reduce asperity damage, decrease the effect of small-scale asperity interlocking, and
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effectively lubricate fractures. Later, when pore pressure returns to the original low level, the fracture
dilation reduced but part of the dilation was maintained (In Figure S2, the dilation of PS01-08 increased
from 2.9 mm to 3.4 mm, and retained to 3.0 mm after hydroshearing). The fracture surface was self-propped

and unable to regain the strong interlocking performance antecedent to hydroshearing.

Mechanical shearing can also reduce the apparent frictional coefficient of an existing fracture (Fig. 4d), but
with a different mechanism compared to hydroshearing. This could be attributed to the comminution of
asperities and gouge for reduced effective surface roughness (Attache and Mellas 2017). Post-test
inspection of the specimens confirmed fine particle generation inside of the shear fractures (Fig. S12).
Compared to mechanical shearing under high normal stress, it appears that hydroshearing could be linked

to strain-weakening behavior and increased conductivity.
3.4 Permeability enhancement and mineral compositions

The change of permeability after shearing is summarized in Table 4. As shown in Table 4, the intact
permeability of the natural fractures was less than our 10° mD measurement limit, except for the pre-
separated weak foliation PS01-11 and the pre-separated rhyolite fracture YA02-05. Hydroshearing during
stimulation would be difficult or impossible for the low hydraulic conductivity fractures. After mechanical
shear, the fractured specimens exhibited permeability greater than 0.01 mD (more than 10 times greater
than original values), with the exception of the white mineral infilled amphibolite (YA02-03). For those
specimens with the occurrence of hydroshearing, the fracture permeability generally increased to 10 times
greater than values before hydroshearing. The only exception is the pre-fractured weak foliation PS01-11
specimen where, instead of enhancing the permeability, the hydroshearing decreased the fracture

permeability.

The hydraulic and mechanical properties of fractures can be linked to their mineralogical composition and
properties (Davatzes et al., 2010; Cavailhes et al., 2013). Through XRD analysis of fracture materials in
Table 3, we found that reduced shear strength and permeability reduction during shear were correlated with
higher phyllosilicate (sheet mineral) content. For example, the high content of phyllosilicates (77.3%) in
the weak PS01-11 fracture associates with shear compaction and permeability loss when sheared. This
mineralogy was distinct relative to all of the other specimens that contained significantly less phyllosilicates.
Phyllosilicates are strongly anisotropic layered and weak minerals. Shear can cause rotation, delamination,
ripplocation, and grain cracking of phyllosilicate minerals, resulting in more gouge production (Sanchez-
Roa et al., 2017; Aslin et al., 2019). Precipitates could also be generated through reactions between
phyllosilicate minerals and pore fluid (Behnsen and Faulkner, 2011). Thus, we suggest that the reduced

strength and permeability in PS01-11 originated from shear-produced gouge powders potentially containing
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chemical precipitates. This is consistent with prior work that observed fracture permeability decreases with
phyllosilicate content and increases with tectosilicate content for shale, and observations of a lower

frictional strength for phyllosilicate rich rocks (Fang et al., 2018a; An et al., 2020).
3.5 Mechanical and hydraulic apertures at a different effective confining pressure

The mechanical and hydraulic aperture relationship has been studied extensively for unconventional shale
rocks (Frash, 2016, 2019c; Li et al., 2021). Mechanical aperture is a measure of the porous aperture (i.e.,
void) of a fracture and the hydraulic aperture is a measure of fracture fluid flow potential (comparable to
permeability or hydraulic transmissivity). Due to fracture surface roughness, hydraulic aperture, that
determines fracture permeability, often deviates significantly from mechanical aperture. Here, we explore
the response of both mechanical and hydraulic fracture aperture to shear and changing effective stress in
crystalline rocks to provide key inputs for field-scale multiphysics simulations of geothermal energy

extraction.

In our experiments, the net mechanical aperture was measured by specimen dilation using either x-ray
radiography (Frash et al., 2016, 2019a) to measure 2D external surface displacement (PS01-06 and PS011-
11) or a radial linear variable differential transducer (YA02-01, YA02-02, YA02-03, YA02-04, and YAOQ2-
05). The hydraulic aperture was calculated from the pressure and flow rate measurements based on an

equivalent smooth parallel plate model (Witherspoon et al., 1980):

s /12,uLQ A
b= |73pD “)

where by, is the fracture effective hydraulic aperture, u is the fluid dynamic viscosity, L is the specimen

length, Q is the volumetric flow rate, D is the specimen diameter (i.e., fracture width), AP is the fluid

pressure drop between the inlet and outlet ends of the specimen.

Generally, the hydraulic aperture is lower than the mechanical aperture because of the existence of contact
areas within the fractures, fracture roughness and tortuosity (Xiong et al., 2011). Both mechanical aperture
and hydraulic aperture are important for fluid flow, with the former controlling porosity and the latter
controlling flow rates (Li et al., 2021). However, mechanical aperture and hydraulic aperture are influenced
by effective normal stress (Wu et al., 2017; Fang et al., 2018b). To interrelate these parameters, we first
determine mechanical aperture as a function of effective confining pressure (Barton et al., 1985) and then
we relate mechanical aperture to the hydraulic aperture calculated by fluid flow measurements
(Witherspoon et al., 1980). Here, we consider two models for the relationship between the mechanical
aperture and effective confining pressure: the Barton et al. (1985) model and an exponential decay model
(Lietal., 2021).
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Barton et al. model (1985):

!
Aoy,

ba = b0 = T poy
n

(®)

where, a,, is the effective normal stress; by, is the initial mechanical aperture, which represents the
mechanical aperture with zero effective normal stress; b, is the mechanical aperture at a certain effective

normal stress; 4 and B are fitted constants.

Exponential model:

by = bgge %n (6)
where b, is the initial mechanical aperture, which represents the mechanical aperture with zero effective

normal stress, and «a is the fitted compressibility coefficient.

After finding the mechanical aperture, we determine the relationship between mechanical and hydraulic

apertures (N) using the following relationship:

b f}l‘itted = Npmeasured (7

¥ = Z(b}{itted _ b}rlneasured)z (8)

where N is the ratio between hydraulic aperture and mechanical aperture, which we call a ‘modified
Witherspoon factor’, paying tribute to the pioneering work by Witherspoon et al. (1980). By minimizing
the error term x2, we obtain the optimized Witherspoon factor N in a form that is suited for relating

mechanical aperture to hydraulic aperture in models.

Fig. 5 and Table 5 provide the fitted results for the above models. We prefer the exponential model for our
subsequent estimation of the modified Witherspoon factor because that model is scalable and doesn't suffer
from predictions of "negative" apertures at high stress. Based on the fitted mechanical aperture from the
exponential model, we fit the modified Witherspoon factor to the measured mechanical and hydraulic
apertures. Renshaw (1995) points out that the ratio between mechanical and hydraulic aperture depends on
fracture surface roughness. The compressibility of our crystalline rock specimens in our exponential
aperture model ranges between 0.0076 and 0.0145 MPa't. For more ductile shale rocks, values higher than
0.089 MPa! have been observed. The fracture compressibility value was shown to have significant

influence on cumulative hydrocarbon energy production (Li et al., 2021).

Hydraulic and mechanical aperture both decrease with increasing confining pressure, but the fractures
maintain an aperture even at very high confining pressure. We also find that the mechanical aperture is
dependent on the stress history (loading vs. unloading), but the hydraulic aperture dependence on stress

history is less obvious. Similarly, Witherspoon et al. (1980) and Kluge et al. (2020) found pressure cycling
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led to reversible permeability changes, whereas Ye and Ghassemi (2018) found the permeability change is
irreversible. This appears to indicate a dependency of stress-dependent aperture behavior on material
properties and surface roughness. If the stress history caused degradation of fracture asperities, the

permeability is more likely to be irreversible (Vogler et al., 2016).

A key observation from these results is that b;, /b, ratios can be orders of magnitude smaller than 1. The
prior publications that used saw-cut fractures as opposed to natural fractures were unable to see this result
(Witherspoon et al., 1980; Zimmerman and Bodvarsson et al., 1996; Nemoto et al., 2008), so these earlier
works report by, /b, ratios closer to 1. This finding highlights the need to consider actual fracture properties,
inclusive of roughness effects, in order to accurately model fracture-dominated subsurface flow and
transport. Overall, the stress change causes mechanical deformation of the fracture, and fracture
permeability can be estimated by using the measured quantitative relationships of stress dependent
mechanical apertures and stress dependent hydraulic apertures. Moreover, the measured values and
variations of hydraulic aperture, mechanical aperture, and modified Witherspoon factor can be used in post-
stimulation modeling and explain how the uncertainties can change the flow behavior at the reservoir scale.
The stress-induced fracture closure has been proved to cause a significant loss of cumulative shale gas
production in certain scenarios (Li et al., 2021). Similar deformation-diffusion coupled mechanisms could
exist for geothermal energy as well (Pandey et al., 2018; Anyim and Gan, 2020) and need further

investigation.
4 Application to EGS Collab Experiment 1 and 2 Sites

To evaluate our results and apply them to inform field decision making, we must first employ slip tendency
analysis. Using this analysis, we can optimize well orientations with respect to natural fractures that are
suited for hydroshearing. As mentioned in the Introduction, the EGS Collab Project aims to investigate how
hydraulic stimulation experiments (hydraulic fracturing and hydroshearing) could enhance fluid flow in
fracture-dominated high-stress crystalline-rock. At the EGS Collab Experiment 1 site (E1), the goal was to
study hydraulic fracturing as a means to stimulate flow from an injection well to a production well.
Conversely, at the E2 site, the goal is to encourage hydroshearing as much as possible. Stochastic analysis
that considers fracture positional data (e.g., well logs), in-situ stress data (e.g., hydrofrac tests; Ingraham et
al., 2020), well placement options (e.g., drift geometry limitations), and fracture strength and permeability
data (e.g., triaxial direct-shear measurements) can be used to improve site design. Here we demonstrate
such an analysis, but for brevity we exclude details that can be found in Singh et al. (2019) and other related
publications from the EGS Collab Project. To aid others with similar efforts, we note that an open-source
software package named the “Fat Crayon Toolkit” was developed to complete the EGS Collab Team’s

analysis and is now available for use (Morris, 2021). The analysis presented here will show how triaxial
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direct-shear measurements can aid well design based on our experience with EGS Collab E1 and E2. The

relevant field site plots are shown as Fig. S14 in the Supplement Information.
4.1 Improved slip tendency analysis

Conventional slip tendency analysis can be used to identify joint set orientations that are subjected to shear
stress and to quantify how weak those fractures must be to hydroshear. To interpret conventional slip
tendency analysis, a global fracture cohesion of 0.0 MPa and a friction coefficient of 0.6 is typically
assumed when site-specific data is unavailable (Byerlee, 1978; Singh et al., 2019). Here, we perform this
analysis in the context of the minimum injection pressure that is required to induce shear slip or tensile
opening (Fig. 6a and Fig. 6b). This enables both shear and tensile failure mechanisms to be included in the
same plot. Using measurements of the in-situ stress state and joint set orientations (Table 1) for E1 and E2,
we can start our analysis by identifying all the natural fractures that are suitably oriented for shear using
Eqg. (1). The conventional slip tendency analysis predicts that E1-JS1 is likely best oriented for shear at the
Experiment 1 site, and E2-JS2 and E2-JS3 are oriented for shear at the Experiment 2 site.

We can increase the relevance of our predictions to injection-induced slip by additionally considering the
triaxial direct-shear measured permeability and strength of the fractures belonging to each joint set. Based
on the general knowledge that fractures follow the path of least resistance, we can expect that the weakest
fractures that are also permeable will be activated first in response to fluid injection. Furthermore, the
activation of these weak fractures can preclude the activation of stronger fractures due to the inability of
the rock-mass to attain higher-stress states caused by stress relief and the reduction in fluid pressure owning
to fluid losses into the previously activated fractures. Therefore, we can focus on the minimum injection
pressure required to induce shear slip or tensile opening using the properties of the weakest site-specific
fractures (Fig. 6¢ and Fig. 6d). Also, we can omit any fractures having intact permeability of less than 103
mD since they will be effectively impermeable with respect to the typical duration of a hydraulic stimulation
treatment at 48 hours or less. From all the above analysis, we found the best candidate fractures for hydraulic
shearing are: E1-JS4 and foliation that steeply dips to the southwest at the Experiment 1 site; and Joint Set
3 (JS3) and foliation at the Experiment 2 site. The permeability requirement eliminates E1-JS1 at the E1
site and E2-JS2 at the E2 site as good candidates for hydroshearing.

4.2 Field validation of shearing at the E1 site

As previously stated, the goal at E1 was to stimulate hydraulic fractures. Following hydraulic fracturing
convention, our drilling plan followed the common practice of drilling the injection and production wells
parallel to the minimum principal stress, which at E1 was to the north and slightly dipping downwards.

Owing to intense natural fracturing in and around the E1 site, we were aware of the potential for natural
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fracture shear stimulation and that one prominent foliation-parallel permeable natural fracture (also called
“OT-P connector” by Fu et al., 2021) was close to the injection well. However, this natural fracture was not
considered in the hydraulic fracturing design. In hindsight, our analysis and the site data predicted that
hydroshearing was likely to occur at this site at pressures lower than the hydraulic fracture limit, especially
along this foliation-parallel natural fracture (Fig. 6¢). When E1 was hydraulically stimulated, field data
provided clear evidence that the fluid injection stimulated new hydraulic fractures and also produced flow
through this prominent foliation-parallel natural fracture. This data set included microseismic mapping,
tracer circulation tests, and direct visual observations of flow into the production well (Fu et al., 2021). The
field observation of this permeable fractures parallel to foliation is consistent with our laboratory based
predictions that foliation-parallel fractures are the most likely to be permeable.

However, it is important to note that the field data set is unable to fully confirm that hydroshearing occurred
along this foliation-parallel fracture due to the absence of microseismicity along this fracture and the
absence of displacement measurements across this fracture. If we acknowledge that shear slip can be
aseismic, the absence of microseismic data does not imply an absence of shear displacement. Therefore,
while we cannot confirm that hydroshearing occurred, we can at least claim that this natural fracture (OT-
P connector) aligned with a known weak, permeable, and shear-oriented joint set (Joint Set 4 and foliation-
parallel orientation). In addition, we can confirm that fluid did flow through this fracture during stimulation
and fluid circulation tests. Also, knowing that naturally occurring shear is a common mechanism for
permeability along existing fractures, we can anticipate that shear was likely the cause of the high
permeability of this foliation-parallel fracture, whether or not the shear occurred before or during the fluid
injection. In summary, the field data, triaxial direct-shear measurements, and the slip tendency analysis all
agree that the foliation-parallel fractures at the E1 site are good candidates for hydroshearing, thus

validating our analysis.
4.3 Selection of E2 well orientations

At the ongoing E2 site development, our analysis provides a priori predictions. Instead of hydraulic
fracturing, this new experiment is targeting hydroshearing as the mechanism to stimulate flow between
injection and production wells. The high strength of the measured natural fractures indicates that
hydroshearing will be more challenging at the E2 site than it was at the E1 site, e.g., YA02-05 is stronger
than PS01-11. We still benefit from the improved slip-tendency analysis that identified E2-JS3 and foliation
as the top candidates for hydraulic shear stimulation at E2 to intercept a maximum number of natural
fractures that are poised for shear slip. If intercepting natural fracture hydroshearing targets was the sole
design consideration, a well parallel to the indicated hydroshearing vector (i.e., E2-JS3 and foliation; Fig.

6d) would have been the ideal choice. However, due to field constraints and equipment limitations, drilling
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in the optimal orientation was not feasible, which led to the decision to drill northeast oriented wells at a
shallow dip (Fig. 6f). This orientation will miss some of the shear critical fractures but is suited for
intersecting fractures from E2-JS3 and it is coincident with the peak of in-situ shear stress. Future work will
reveal the effectiveness of this ultimate selection, but our experience from E1 and the slip tendency analysis
for E2 supports this choice of well orientation for high potential for inducing hydroshearing. Without the
benefit of the improved slip tendency analysis, previous designs that targeted E2-JS2 (e.g., 260° AzN and
69° dip; Frash and Morris, 2019d) were incorrectly thought to have been preferable.

5 Discussion

As we demonstrated here, triaxial direct-shear measurements, or similar methods to characterize natural
fracture strength, stiffness and permeability, can be used to improve site design and diagnostics. A
maximum benefit is obtained when the analysis uses site-specific core and then targets suspected weak
fractures or weak rock fabric, especially when the sample set is limited in number. Identifying observable
fractures that are weak and permeable is not self-evident from well logs (Fig. S15), so tests such as our

triaxial direct-shear are needed to provide insight to better inform target selection.

Commercial EGS requires stimulating rock in such a way that high flow rates can be sustained at low
injection pressures. Gischig and Preisig (2015) estimate that a permeability of at least 0.01 to 1 mD could
be adequate economically. Our laboratory results indicate that the EGS Collab sites can achieve this level
of enhancement through hydroshear stimulation. However, the E1 field site used hydraulic fractures (not
shear) to inject fluid into the rock. This was observed to require continuous injection at 30 MPa for both
hydraulic fracturing stimulation and for long-term circulation tests. In this case, the fractures connecting to
the injection well were propped open by the injection pressure, not by proppant or shear dilation (Kneafsey
et al., 2019). Continuous injection at hydrofracture pressures is a challenge when upscaled to commercial
EGS due to the technical demands of high-pressure pumping. Adding proppants is unlikely to solve this
problem because most commercial proppants are known to perform poorly at high-pressure, high-
temperature conditions (Liang et al., 2016). This result emphasizes the importance and attraction of shear
stimulation to sustain flow at low pressures. If an EGS system is to be designed using hydroshearing for
the primary stimulation method, identifying fractures that are suitable for hydroshearing will be crucial.
However, our hydro-mechanical measurements show that it would be a mistake to assume that an
observable fracture at a shear-prone orientation implies a weak or permeable fracture. Whether fractures
are weak or permeable can be difficult to be observed from image logs. Fig. S15 shows that YA02-05 can
be reasonably interpreted as an infilled fracture and PS01-11 is almost invisible in the image logs. Instead,

well pumping tests or shear tests are necessary to confirm shear slip potential for the natural fractures.
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Furthermore, analysis using measurements such as what we presented benefits from acknowledging
uncertainty in the subsurface. This includes the possibility of stronger or weaker fractures than what is
measured as well as less or more permeable fractures. Furthermore, a comprehensive analysis would benefit
from considering that single fractures can be very rough and multi-stranded which has a tendency to
significantly reduce the effective hydraulic aperture to mechanical aperture ratio (bs/bn). For the sake of
public awareness, the “Fat Crayon Toolkit” and similar stochastic tools (Morris, 2021; Frash, 2021) offer a
start to addressing this need by considering uncertainty early in the design process. In practice, it is
challenging to consider these details and their uncertainty in the design process when time is limited and
decisions must be made before all of the data is available. Future work that focuses on accelerating the use
of measurements to reduce uncertainty would help inform design decisions and achieve higher performing

geothermal energy systems.

6 Conclusions

In our study, we completed hydro-mechanical measurements on crystalline rock specimens from the EGS
Collab field sites E1 and E2. The characterized fracture properties include permeability enhancement by
shearing, fracture mineral compositions, fracture and rock matrix strengths, mechanical and hydraulic
apertures at different confining stress, and frictional strength. From this work, several conclusions were

drawn:

(1) Triaxial direct-shear measured permeability and fracture strength can be used to improve predictions
for hydroshearing. We demonstrated that pre-existing natural fractures must be mechanically weak,
favorably oriented, and sufficiently permeable to be hydrosheared. Through improved slip tendency
analysis using fracture orientation data, in-situ stress data, fracture strength and permeability data, we
identified that the E1-JS4 and foliation in E1 site and E2-JS3 and foliation in E2 site are top candidates for
hydroshearing.

(2) Our in situ generated rough-surfaced crystalline fractures exhibited 1 to 3 orders of magnitude
decoupling between mechanical aperture and hydraulic aperture, cohesion of 1.9 to 20 MPa (mostly less
than 6.8 MPa), frictional angle of 17 to 41.8°, and compressibility in our exponential aperture model of
0.0076 and 0.0145 MPa™. This provides key inputs for future field-scale multiphysics simulations of energy

extraction.

(3) After shearing, the fracture permeability increased and was retainable in most cases, often from less
than 102 mD to higher than 0.01 mD. However, one specimen (PS01-11) that was phyllosilicate rich
exhibited shear compaction and permeability reduction after shearing. Therefore, it should not be assumed

that shear stimulation will always result in higher hydraulic conductivity.

This article is protected by copyright. All rights reserved.



(4) Overall, our measurements provided useful data for EGS Collab design decisions and diagnostics by
identifying natural fracture sets that were most suitable for hydroshearing. If applied at other sites, targeted
triaxial direct-shear tests combined with in-situ stress measurements could provide valuable constraints for

predicting the effects of hydraulic stimulation in fracture-dominated rock systems.
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Tables

Table 1. In-situ stress, lab testing conditions, and natural fracture orientations of the EGS Collab sites.

In-situ stress of EGS Collab testbeds using information available at time of testing

Location Rock type Depth (m) | Sv(MPa) | SH (MPa) | Sh (MPa)
E1 4850 level * Schist (PS01) 1480 44.1 42.6 21.7
E2 4100 level * Amphibolite and Rhyolite (YAQ2) 1250 36 37.3 18.3
Laboratory testing conditions to simulate in-situ stresses
Location % > % % ; % 7,, at 30° from o, o, at 30° from o,
E1 4850 level * 10.45 32.15 9 27
E2 4100 level * 9.5 27.8 8.2 23
E1 4850 level ** 10 34 8.7 29
E2 4100 level ** 9 27 7.7 23
Natural fracture orientations of EGS Collab field sites
Hydraulic . . . Foliation
Location f)r/acture Joint set 1 Jointset 2 Joint set 3 (also Joint set 4 for E1)
Strike Dip Strike Dip Strike Dip | Strike | Dip Strike Dip
E1 4850
level 86° 78° 237° 84° 10° 33° 227° | 19° 145° 80°
E2 4100
level 104° 63° 15° 35° 260° 69° 120° | 35° 120° 35°
* The most recent values available;

** Values used for laboratory experiments based on the data that was available at the time of testing. The difference
in laboratory testing conditions is trivial.
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Table 2. Specimen prepared for triaxial direct shear experiments

Field

principal stress

Specimen site Rock Type Orientation Character
PS01-03 El Schist Sub-parallel to the E1-foliation Mineral infilled fracture
PS01-06 El Schist Sub-parallel to E1-JS2 Mineral infilled fracture
PS01-08 El Schist Sub-parallel to E1-JS1 Mineral infilled fracture
PS01-09 El Schist Sub-parallel to E1-JS3 Mineral infilled fracture
PSO1-11 E1 Schist Sup-parallel to the E1-JS4 and Opening-mode, weak
foliation fracture
YA0201 | E2 | Amphibolite/rhyolite | Sub-parallel to E2-JS1 Amphibolitefrhyolite
contact with visible pores
YA02-02 E2 Amphibolite Sub-parallel to E2-JS2 Mineral infilled fracture
YA02-03 E2 Amphibolite Sub-parallel to E2-JS2 Mineral infilled fracture
YA02-04 E2 Rhyolite Sub-parallel to E2-JS3 and Mineral infilled fracture
foliation
Equally sub-parallel to the E2- Opening-mode, weak
YAO02-05 E2 Rhyolite JS3 & foliation and minimum infilled fracture
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Table 3. X-ray powder diffraction analysis of crystalline rock fracture infilling materials.

Poorman Schist Yates Amphibolite
PS PS PS PS PS YA YA YA YA YA
01-03 | 01-06 | 01-08 | 01-09 | 01-11 | 02-01 02-02 | 02-03 | 02-04 | 02-05
Tectosilicate
Plagioclase - 2.7 1.1 15 - 22.3 16.9 124 - -
K-Feldspar - 4.1 45 25 - 4.9 - 7.8 69.1 58.2
Quartz 19.9 25.9 28.5 26.4 11.0 12.3 8.5 245 26.7 30.8
TOTAL 19.9 32.7 34.1 30.4 11 39.5 25.4 44.7 95.8 89.0
Carbonate mineral
Calcite 15.3 25 0.2 0.5 2.0 0.7 2.8 8.9 - 4.6
Dolomite 321 39.2 43.4 40.7 2.3 14.7 - 4.1 3.1 2.1
TOTAL 47.4 41.7 43.6 41.2 4.3 15.4 2.8 13 3.1 6.7
Sulfate minerals
Gypsum - 41 8.5 6.3 0.7 - - - - -
Pyrite - 0.9 0.5 0.5 - 7.0 - - 1.2 1.8
Sphalerite - - - - - 6.2 1.3 - - 1.0
Galena - - - - - 2.2 - - - 15
TOTAL 5 9 6.8 0.7 154 1.3 - 1.2 4.3
Native mineral
Graphite 2.3 2.1 15 0.5 6.7 - - - - -
TOTAL 2.3 2.1 15 0.5 6.7 - - - - -
Inosilicate mineral
Amphibole - - - - - 26.5 59.0 255 - -
TOTAL - - - - - 26.5 59.0 25.5 - -
Phyllosilicate (Sheet Silicate minerals)
Annite - 0.3 0.0 1.2 3.4 - - - - -
Muscovite 24.4 18.1 11.8 19.9 54.8 - 5.9 0.6 - -
Chlorite 4.3 - - - 19.2 3.2 5.6 16.2 - -
Kaolinite 1.8 - - - - - - - - -
TOTAL 30.5 18.4 11.8 21.1 77.3 3.2 11.5 16.8 0.0 0.0
GRAND 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
TOTAL
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Table 4. Measured shear strength, permeability enhancement of natural fractures.

Intact shear icti Fracture permeabilit Hydroshearin
strength at airlfe“e(;: d Theoretical Actual Phyllosilicate Intact P Y Y 9 Maximum
Field sites Specimen in-situ cohes?on for the hydroshearing | hydroshearing Content of ermeabilit After After Before After pore
normal P fluid pressure | fluid pressure fractures P Y| mechanical hydroshear mechanical | mechanical | pressure *
stress racture shear shear shear
] 41.4 (x0.08) ° 23.2 (x0.1) . . 0204 ]
PS01-03 25 MPa 3.8 (+0.04) MPa MPa 23 MPa 30.5% <10* mD mD 0-5mD No Yes
- 36 (1) ° 0 4 0.01-0.1 ]
. PS01-06 45 MPa 3.24 (+0.6) MPa 22 (+1) MPa 23.5 MPa 18.4% <10 mD mD 0.1-1mD No Yes
El Site 418 (20.6) ° 0312
4850 PS01-08 59 MPa 40 E) 24 (+0.6) MPa -- 11.8% <10®mD ' D. 4-TmD No Yes 28.5 MPa
level 429(_0(5) )'vI = 0002 0005056
] 1(#5)° . . s 002- .001-0.
PS01-09 66 MPa 20 (+5) MPa 49 (£3) MPa Did not occur 21.1% 10*-10° mD 0.008 mD mD No No
) 17 (x0.5) ° o . 0.02-0.03 0.002-0.01
PS01-11 11 MPa 1.9 (+0.5) MPa 6 (£2.5) MPa 7.4 MPa 77.3% 0.2-0.3mD mD mD Yes Yes
YA02-01 50 MPa - - D(')gC’L?t 3.2% 10%-10°mD | 0.01-8 mD - No -
] 38.1(x0.03)° 18 (+0.06) ~ . P 0.01-0.13 ~ ~ ~
E2 YA02-02 42 MPa 4.1 (+0.04) MPa MPa 11.5% 10%-10° mD mD
Site ] 24.1(x0.24)° 15.3 (205) ~ . P 0.0003- - ~ ~
4100 YA02-03 27 MPa 4.4 (+0.18) MPa MPa 16.8% 10*-10° mD 0.002 mD 22.5 MPa
level 35.4 (+0.12) ° 21.4 (+0.1) 3 0103
YA02-04 34 MPa 6.8 (+0.1) MPa MPa -- 0 10%-10° mD mD - -- --
] 39.7 (205) ° 16.7 (x0.7) 17.8-19.7 B i ] ]
YA02-05 23 MPa 2.8 (+0.5) MPa MPa MPa 0.3-0.35mD | 0.6-6 mD 0.3-0.9 Yes Yes

* Maximum pore pressure is 0.5 MPa lower than the confining pressure of the experiment.
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Table 5. Fitted parameters relating confining stress, mechanical aperture, and hydraulic aperture.

Specimen ID

Barton-Bandis model

Exponential model

Modified Witherspoon factor N

byo

A

beg

Regression

B 2 a 2 i 2
mm) | mmn) | vy | R mm) | vpay | R value | Uneertainty | R
——70.8220% | 0.0355¢ | 0.0432% 074052 | 0.0254% 0.0070-
PS01-06 | Unloading | 300e.3 | 4.41e-4 | 379e-4 | 100 | 167e3 | 1.25e4 | 00| 00078 0ooss | 0%
——0.6711x | 0.0035¢ | 0.0515¢ 06313z | 0.0324% 0.0021-
PSOL-11 | Unloading | 4790 | 383e-3 | 434e3 | %% | 102e2 | 14e3 | 100 | 00023 00026 | %7°
—170.1388+ | 0.0034% | 00248+ 01257 | 0.0145% 0.0453-
) Y Loading | 33064 | 286e5 | 1.47e-4 | Y% | 149e4 | 378e5 | 100 | 00388 000 | 7™
Ontonding, | 0.0839% | 00008+ | 001 | ;| 00814 | 00076 | coo | om0 | O0%7~ | om0
9| 866e-5 | 444e-6 | 427e5 | 20 | 126ea | a5se5 | O : 00376 | *
—0.1710¢ | 0.0030¢ | 0.0174% 01622+ | 0.0118% 0.0107-
vaozos M9 | 304 | 281e5 | 12004 | O% | 52105 | 1085 | 10| 090 00864 | 08
Ontonding | 0-1416% | 00018+ | 0.0129% | | | 01369 | 00094% | ;oo | oooss | 99999 | ogs
9| 8545 | 500e-6 | 291e5 | 200 | 1ages | 3a7e5 |- : 00055 | *
—170.2033+ | 0.0031 | 0.0153% 01938+ | 0.0105% 0.0321-
vaozos L9 | 370ea | 236e5 | 8825 | % | osees | 1soes | 00| 00281 00261 | %69
Ontoading | 0-1608% | 00014+ | 0.0097% | | | 0.1583% | 00076 | coo | oomss | 00%9 | g
9| 1834 | 618e-6 | 5.28e5 | 20 | 267e4 | 55005 | O : ooz67 | *
—0.7178+ | 0280¢ | 0.0390% 06629t | 00226+
vnozos M9 | 6203 | 7724 | 730e4 | O%° | 2463 | 14104 | 0% - - -
Onloading, | 062325 | 0.034% | 00552+ | o | 05277% | 0.0262% | oo ~ - B
9] 655e-3 | 1.03e-3 | 107e3 | 156e-3 | 11de4 |
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Figure 1. Triaxial direct-shear setup and crystalline specimens drilled from EGS Collab field sites. (a) Care
was taken to orient cores parallel to natural fractures and to position the fracture across the diameter of the
core, making these specimens ideal for triaxial direct-shear testing that targeted suspected weak natural
fractures. The orientations of each specimen and major joint sets are presented in the hemisphere plot
achieved from optical and acoustic televiewer borehole logging images. The triangle markers represent the
poles to the planes for major joint sets, while the star markers represent the poles to the planes for specimens.
(b) The naturally fractured specimen is aligned with the direct-shear plane produced by the two opposing
half-cylinder pistons. (c) The stress distribution of the specimen during the experiment predicted by Abaqus
modeling (Frash et al., 2016, 2019a). (d) X-ray imaging setup and greyscale radiograph during an
experiment. (e) A stainless steel segment-disk was inserted when needed to ensure initial shear loading

across the targeted natural fracture (e.g., YA02-02).
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(a) Hydromechanical measurement of PS01-06
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Figure 2. Hydro-mechanical measurement of PS01-06 and in-situ x-ray imaging. (a) The upper panel shows
the pressures as a function of time. The middle panel shows transient permeability, where the yellow color
is the uncertainty for the calculated permeability. The bottom panel shows axial displacement and dilation
aperture. The highlighted points show the occurrence point of hydroshearing. (b-g) Concurrent radiographs
provide confirmation about the geometry of the specimen at uninterrupted in-situ stress conditions. Full
360° CT scans (xCT) were only obtained before and after shearing.
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X YA02-02 dynamic shear
X YA02-03 Exp dynamic shear
X YA02-04 dynamic shear
x YA02-05 dynamic shear
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Figure 3. Measured triaxial direct-shear stresses at failure in a Mohr-Coulomb analysis for EGS Collab
specimens. Different types of markers represent experimental data during dynamic shear stage for each
specimen. The dashed lines are fitted Mohr-Coulomb slip line for each specimen. A benchtop gravity slant
shear test was used to estimate a Mohr-Coulomb friction angle of 30° and cohesion of 0 MPa for a separated
natural foliation parallel fracture of 4850 level.
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Figure 4. Reduction of apparent frictional coefficient by shearing. The shaded areas in (a), (b), and (¢) show
the reduction of apparent frictional coefficient after hydroshearing for specimens PS01-06, PS01-08, and
YAO02-05 respectively. The shaded area in (d) shows frictional strength reduced with more mechanical shear
displacement under the same confining stress for specimens YA02-01, YA02-02, YA02-03, and YA02-04.
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Figure 5. Relationship between fracture apertures and effective confining pressure. (a) Mechanical aperture
versus effective confining pressure. (b) Hydraulic aperture versus effective confining pressure. Curve fitted
by Eq. (7) and Eq. (8).
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Figure 6. Lower-hemisphere stereoplots of the critical fluid pressure to induce fracture activation (shear or
tension) in E1 and E2 site. (a) and (b) shows the conventional critical slip pressure analysis with cohesion
of 0 MPa and friction coefficient of 0.6 (Byerlee, 1978) for E1 and E2 site, respectively. Cross symbol
means not suitable for hydroshearing. (c) shows the analysis for E1 site assuming the measured weakest
fracture strength of PS01-11 with cohesion of 1.9 MPa and friction angle of 17° for all joint sets. (d) shows
the analysis for E2 site assuming the measured weakest fracture strength of Y A02-05 with cohesion of 2.8
MPa and friction angle of 39.7° for all joint sets. (e) and (f) shows the orientation of the hydraulic fracture,
the fracture sets that are best suited for hydroshearing and the actual well placement decision for
hydroshearing or hydraulic fracturing in the E1 and E2 sites, respectively. In (e) and (f), color for critical
fluid pressure is only shown for orientations within 30° of joint set that the PS01-11 and Y A02-05 are sub-
parallel to.
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