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Abstract. Mode | fracture toughness (Kic) is a relevant property in many applications involving
rock mechanics. However, the conventional methods for its determination only consider ambient
pressure conditions. Although the available experimentation on high pressure fracture toughness
shows that K¢ tends to increase with confining pressure not all the published results provide
with the same evidence. Among the available methodologies for K¢ testing, the pseudo-compact
tension (pCT) test approach provides with a number of operational advantages over other
alternatives and makes it a good candidate for its extension to high pressure research. Based on
it, we have designed and constructed a simple high-pressure cell that may be easily installed in
any conventional compression frame without modifications to test pCT specimens. The cell may
accommodate either a gas or liquid as confining fluids and work with samples of up to 50 mm
(~2") diameter. In order to verify the expected performance, we have conducted different
calibration tests, including leak rate and the assessment of axial friction. For the demonstration
and validation of the experimental approach presented, we have selected virtually impervious
poly-methacrylate (PMMA) and Corvio sandstone samples. Results obtained at room conditions
and at high pressure are compared and discussed.

1. Introduction

Mode | fracture toughness (Kic) quantifies the capability of a material to resist the tensile stresses
conducting to the growth of pre-existing cracks or flaws [1]. Considering that rocks and related materials
(i.e. geomaterials) contain discontinuities such as pores, grain boundaries, or foliation, fracture
toughness may have paramount importance in rock engineering projects [2-4]. Worth mentioning among
them are those involving thermal (geothermics, high-level radioactive waste disposal, etc.), mechanical
(pillar/cave stability in mining, etc.) or hydraulic/chemical (hydraulic stimulation, geological storage of
COg2, underground coal gasification, etc.) phenomena as well as in process (drilling and cutting, ore
crushing, etc.) and materials (concrete, ceramics, asphalts, etc.) engineering.

Based on fracture mechanics premises, Kic must be an intrinsic material property. Accordingly, its
experimental determination should render consistent results irrespective of factors such as the geometry
of the specimen or the testing method. However, when applied to rocks, the experimental evidence
demonstrates that the K¢ values reported in a number of studies contend with such generally assumed
behavior. Indeed, significant discrepancies on Kc values can be identified from publications using the
same rock type but different testing methods [5-8]. In addition, and as previously reported by different
authors, factors such as moisture content, temperature, confining pressure, or pore pressure, are expected
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to affect fracture toughness [9,10]. Although the conventional testing methods have been designed to be
performed under ambient conditions, this approach may not be sufficient for the determination of
fracture toughness in rock, for which stresses always play a significant role in failure mechanisms.

Although studies are still scarce, in recent years significant efforts have been made to adapt fracture
toughness testing methods to be conducted under high pressure conditions [11-14]. Results suggest that
there is a general increase in fracture toughness with increasing confining pressure due to a reduction of
the effective length of pre-existing flaws and cracks [15]. However, not all the published results provide
with the same evidence, and some authors have recently argued that this may be related with the lack of
standardized procedures. The limited number of experimental works available illustrate that there is still
a gap in data and knowledge of Kic measurement in the lab under field realistic conditions.

To contribute to the improvement of the experimental assessment of mode | fracture toughness at
high pressure conditions, in this work we present a simple high-pressure cell to perform pseudo-compact
tension (pCT) tests at a maximum pressure of 15 MPa. Among the available methodologies for K¢
testing, the pCT test approach provides with a number of operational advantages over other alternatives
(reduced sample size, precise control of crack propagation, pure tensile loading, simple preparation, etc.)
and makes it a good candidate for its extension to high pressure research [16]. This study is focused on
the verification of the performance of the testing device and the validation of the experimental approach.
To accomplish that, we have conducted different calibration tests including the leak-off rate of the cell
and the assessment of axial friction. In addition, we have assessed Kc at ambient and high-pressure
conditions using two reference materials, polymethyl-methacrylate (PMMA) and Corvio sandstone.

2. Methodology

2.1. Materials and sample preparation

As previously mentioned, PMMA and Corvio sandstone samples were used in this study. PMMA (also
known with the trade-names of Perspex®, Plexiglass® or Lucite®) is a transparent brittle-elastic polymer
of high strength and rigidity. Reference values for the compressive strength (o; = 83-124 MPa), tensile
strength (ot = 30-76 MPa) or elastic modulus (E = 2950-3300 MPa) of this material at room temperature
are reported in the literature [17,18]. In this work, PMMA specimens for pCT tests were obtained from
50-mm diameter bars, that were sliced into discs (thickness-to-diameter ratio of ~0.5) using a lathe. Then
a U-shape groove was carved in the discs to allow sample loading, and a straight notch was also cut to
act as stress concentrator (figure 1a).

Figure 1. a) PMMA sample; b)Cutting the roove in a sandstone sampeusing
a milling machine; b) Cutting the notch in a sandstone sample with a saw disc.

Corvio sandstone is a grain-supported quartzarenite with microcrystalline silica cement, and it has a
relatively low strength (oz = 35.4-44.4 MPa; ot = 1.9-3.1 MPa), high porosity (18.4-23.5 %) and low
elastic modulus (E = 9.7-19.7 MPa) [19]. Corvio sandstone samples were obtained from rock cores of
50 mm in diameter. In this case, the groove was cut in the discs using a milling machine while the notch
was introduced with a diamond saw disc, as shown in figures 1b and 1c, respectively. In both cases, the
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sample was hold in place thanks to the aid of a vise, and water was used as cooling fluid. After
preparation, the samples were oven dried at 60° for 24 hours.

Isopar H (Solvech) was selected as confining fluid for the experiments performed at high-pressure.
Isopar H is a colorless, odorless isoparaffinic hydrocarbon solvent with a density and viscosity at 25°C
of 0.76 g/cm® and 1.35 cP, respectively [20].

2.2. Testing equipment

A pressure cell was specifically designed to perform pCT experiments under confining pressure. The
cell, which can accommaodate fluids as well as gas, has been manufactured in 6082 Al-Zn alloy with the
T6 thermal treatment (Young’s limit and tensile strength of ~69GPa and ~270 MPa, respectively). The
inner space of the device is 12.5 cm in diameter and 12.4 cm in height (figure 2a), allowing to work with
samples of 50 mm (~2") in diameter. Following the pCT approach, the tensile load is transmitted to the
specimen through a couple of steel jaws that penetrate into the groove cut in the specimen. As seen in
figure 2b, the jaw on the top remains static while the jaw on the bottom, which is connected to a vertical
piston that penetrates into the lid of the cell, is movable. The jaws were manufactured with a circular
shape (figure 2c) to guarantee that the applied load is distributed linearly along the groove, reducing the
stress concentration in the contact with the specimen, as reported in [16].

Figure 2. a) Inner view of the cell; b) Top lid of the cell, and piston inserted; c) Detail of
the jaws used to deliver the load to the specimen.

The cell may be easily installed in any conventional compression frame without modifications. This
is possible thanks to its mechanical configuration that allows to deliver true tension to the notch of the
sample while the axial actuator operates in compression over the loading piston. To perform the
experiments, the cell was installed in a stiff servo-electric frame equipped with a 50 kN load cell. In this
configuration, the displacement of the mobile jaw is given by the movement of the axial actuator of the
frame, that inserts the loading piston into the cell. To ensure that the piston is correctly aligned with the
axial actuator, the cell is positioned in the frame with the aid of a pin on its base. Feed-throughs on top
of the vessel allow to attach up to 8 wires as well as 2 fluid lines for delivering and releasing confining
pressure (oewonf). The confining pressure in the cell is monitored using a pressure transducer in the inlet
flow line and readings are recorded on a computer. Although not considered in the present study, the
sample may be further instrumented with acoustic emission as well as other in-vessel sensors.

2.3. Testing procedure
In order to check the performance of the pressure cell, we have conducted different calibration tests. On
one hand, we measured the leak rate by injecting nitrogen gas (N) into the cell using the experimental
setup shown in figure 3a. The vessel was connected to a pressurized bottle of N2 and injection pressure
(Pinj) was controlled until reaching the targeted value (5, 7.5 and 10 MPa). Leak-off rate was monitored
using the pressure transducer mounted on the inlet flow line.

On the other hand, we also assessed the axial friction of the loading piston at ambient (0.1 MPa) and
high-pressure (5, 10 and 15 MPa) conditions. To this end, the cell was filled with the confining fluid
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and pressurized with the aid of a high-pressure pump (Teledyne ISCO 100DX) used for fluid injection
(figure 4b). Then the axial actuator of the compression frame (figure 4c) was moved up to a distance of
2 mm at a displacement rate of 0.1 mm/min, following the testing procedure described in [20]. During
the tests, we recorded the load delivered by the axial actuator until a constant value was reached (Prric).
In addition, we also assessed Pgic at ambient pressure without confining fluid, to allow comparison with
the experimental results previously reported for the original pCT testing device.

{ ; Figure 3. a) Experimental setup

s

for measuring leak-off rate; b)
Experimental setup for fracture
toughness testing and 1SCO
pumps; b) Pressure cell placed in
the hydraulic press and detail of
the flow lines for applying (inlet;
right) and releasing (outlet; left)
confining pressure.

Finally, we analyzed the performance of the testing approach at ambient (with and without confining
fluid) and high-pressure (up to 12.5 MPa) conditions using the two reference materials described in
section 2.1. To perform the tests at ambient conditions, samples were attached to the jaws with the aid
of a rubber band, as shown in figure 4a. Afterwards, they were fastened inside the pressure vessel and
loaded at a constant displacement rate (0.1 mm/min) with both fluid lines open to ambient pressure. In
the case of the experiments at high-pressure, the cell was connected to the injection pump and confining
pressure was applied before loading the sample. Load (P) and load point displacement (LPD) were
recorded continuously during testing. LPD corresponds to the vertical displacement of the mobile
(lower) steel jaw, delivered by the axial actuator of the frame.

2.4. Calculations

Level | testing was considered in this study and, therefore, only the value of maximum load (Pmax)
recorded was considered to compute mode | fracture toughness of PMMA and Corvio sandstone. Kic
was calculated using the expression given in [16] for the pCT specimen:

KIC — Y, (Pmaxb_BPfric)\/'ﬁ (1)

where a is the notch length, b is the distance from the base of the groove to the bottom of the specimen,
Pric is the frictional force of the axial actuator, and Y’ is the dimensionless stress intensity factor given
by the following equation:
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Coefficients C, to C4 are listed in [16]. The effect of the confining pressure was not considered in the
previous equation: as the notch remained uncovered during testing (i.e., the confining fluid could
penetrate into this region), hydrostatic conditions were achieved and the stress distribution could be
assimilated to that computed at ambient conditions [21].

Figure 4. a) PMMA sample before festing; b) Co;vio sandstone sample after testing.

3. Results and discussion

Results of the leak-off test using nitrogen gas as confining fluid are plotted in figure 5a. As seen in the
graph, although the leak rate is almost negligible at a confining pressure of 5 MPa (< 0.001 MPa/min),
it increases at 7.5 MPa (~0.01 MPa/min) and specially at 10 MPa (~0.05 MPa/min). However, it is
important to note that the leak flow depends on the properties of the fluid (i.e., the higher the viscosity,
the less it leaks [22]), so that a leak test performed with N2 will be much more sensitive than with the
confining fluid selected (Isopar H). Therefore, the leak-off rate recorded is acceptable taking into
account the short duration of the tests and the fact that pressure is kept constant by the pump system.
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Figure 5. a) Time evolution of injection pressure (Piy); b) P-LPD curve due to axial friction at 5
MPa of confining pressure; c) Friction stress (otic) vs confining pressure (ocont).
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Figure 5b shows the results of one of the calibration tests (at 5 MPa of confining pressure) used to
assess the axial friction of the piston. The load shows a linear rise up to a maximum value of 1073 N.
This first stage, which corresponds to the static friction, reflects the force required to initiate motion.

Beyond this threshold, there is a period in which the load decreases and then remains almost constant at

~1040 N. This second stage represents the kinetic friction (i.e., the opposition offered by the piston once
in motion (Psic) for the given confining pressure). Results from the tests performed with up to a pressure
of 15 MPa (figure 5c) denote that there is a linear relationship between the confining pressure (ozon) and
the friction stress (awic = Pric/A, where A is the area of the loading piston). In fact, the magnitude of the

slope suggests that the friction of the loading piston inside the lid would be ~10% of the value of

confining pressure applied.

Figure 4b shows a recovered Corvio sandstone specimen after testing, in which a fracture propagated
from the notch tip along the ligament plane. Typical load vs load point displacement (P-LPD) curves

for the two materials tested in this study under different confining pressures are provided in figures 6a

(PMMA) and 6b (Corvio sandstone). All the curves show that the load increases up to Pmax and, beyond
this threshold, it decreases abruptly for PMMA (brittle failure) and more steadily for Corvio sandstone
(ductile failure). The testing configuration presented here allowed good control on fracture propagation
along the whole duration of the experiments, even in the post-peak region, independently of the
confining pressure. However, some differences are observed in the slope of the elastic region (i.e., the
linear part of the curve in the pre-peak region) of the two materials when tested at different confining

pressures.The variations reported for the last material could be related to its chemical incompatibility

with the confining fluid [23] that would induce the softening of PMMA. However, this is not the case
for Corvio sandstone, since no adverse oil/rock interaction effects should be expected [24].

1500
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Figure 6. P-LPD curves for PMMA (left) and Corvio sandstone (right).

0.8

1.2

P (N)

100

40

80

60

20

Ambient

Corvio sandstone

0.1 MPa
| L 1 L 1 . I . I . L

0.2 0.4 0.6 0.8

LPD (mm)

1 1.2

Regarding fracture toughness results, the value of Kc obtained at ambient conditions and no

confining fluid for PMMA was 1.53 MPa m*? +0.02 (n = 2) which is lower than that recorded previously

using the conventional pCT approach (1.80 MPa mY?) [25]. Contrary, in the case of the Corvio

sandstone, Kic was slightly larger (0.14 + 0.02 MPa m

Y2: n = 3) than the range provided in [26] for the

same material and specimen size (0.07-0.12 MPa m*2). Values of mode | fracture toughness are plotted

as a function of the confining pressure in figure 7. While K¢ increases almost linearly with ocons for

PMMA samples, a relationship is not so evident in the case of Corvio sandstone. It would be expected
that the resistance of the material will increase under confining stress, as in mode | loading the tensile
stress at the crack tip has to overcome the compressive stress induced by the confining pressure [14].
However, it must be noted that the porous sandstone samples tested in this study were not sealed and,
therefore, confining fluid could penetrate into the pore space. In this situation, the pore pressure
generated inside the sample may have an effect on the strength of the material [27]. This may explain

the lower influence of confining pressure on Kc observed for Corvio sandstone, and why the PMMA

samples with negligible porosity [30] behaved as expected. However, further testing is needed to

confirm this conjecture.
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Figure 7. P-LPD curves for PMMA (left) and Corvio sandstone (right).

4. Conclusions

In this paper, a high-pressure cell designed to conduct mode | fracture toughness tests under pure tensile
conditions was presented and described. The testing approach is based on the experimental concept of
the pCT test, which has been proven to be convenient for the assessment of Kic in both fragile and ductile
rocks. The performance of the pressure vessel was firstly verified by conducting a series of calibration
tests. The leak rate measured up to 10 MPa should be admissible when conducting fracture toughness
tests using Isopar H as confining medium. Regarding the friction of the loading piston inside the lid, it
was estimated at ~10% of the magnitude of confining pressure. Finally, fracture toughness was assessed
using two reference materials, PMMA and Corvio sandstone, up to confining stress of 12.5 MPa.
Preliminary results suggest that Kic results are comparable to those obtained with the original pCT
approach at ambient conditions, and that fracture propagation can also be controlled in the post-peak
region even at high pressures. Although we report an increase in fracture toughness with confining
pressure for PMMA samples, no clear effect was observed for Corvio sandstone, which may be related
with the higher porosity of the material.
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