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Abstract A number of key processes, both natural and anthropogenic, involve the fracture of rocks
subjected to tensile stress, including vein growth and mineralization, and the extraction of hydrocarbons
through hydraulic fracturing. In each case, the fundamental material property of mode‐I fracture
toughness must be overcome in order for a tensile fracture to propagate. While measuring this parameter is
relatively straightforward at ambient pressure, estimating fracture toughness of rocks at depth, where they
experience confining pressure, is technically challenging. Here we report a new analysis that combines
results from thick‐walled cylinder burst tests with quantitative acoustic emission to estimate the mode‐I
fracture toughness (KIc) of Nash Point Shale at confining pressure simulating in situ conditions to
approximately 1‐km depth. In the most favorable orientation, the pressure required to fracture the rock shell
(injection pressure, Pinj) increases from 6.1 MPa at 2.2‐MPa confining pressure (Pc), to 34 MPa at 20‐MPa
confining pressure. When fractures are forced to cross the shale bedding, the required injection pressures are
30.3 MPa (at Pc= 4.5 MPa) and 58MPa (Pc= 20MPa), respectively. Applying the model of Abou‐Sayed et al.
(1978, https://doi.org/10.1029/JB083iB06p02851) to estimate the initial flaw size, we calculate that this
pressure increase equates to an increase in KIc from 0.36 to 4.05 MPa·m1/2 as differential fluid pressure
(Pinj− Pc) increases from 3.2 to 22.0MPa.We conclude that the increasing pressure due to depth in the Earth
will have a significant influence on fracture toughness, which is also a function of the inherent anisotropy.

1. Introduction

Hydraulic fracture propagation in the Earth's crust controls many geological processes, both natural and
anthropogenic. The development of most unconventional hydrocarbon reservoirs, as well as many geother-
mal energy reservoirs (particularly engineered geothermal systems), are reliant on the formation of fracture
networks created from hydraulic stimulation. Effective rock fracture during drill and blast operations
require fractures to extend and interconnect to break the rock, the injection fluid here being a gas rather
than a liquid. As such, in order to understand these processes, it is important to understand how the stress
conditions with increasing depth in the crust affect the fracture mechanics of the rock, particularly in ten-
sion. Aside from environmental parameters such as the in situ stress, pore fluid pressure, and the fluid pres-
sure at the moment of fracture, or breakdown pressure (Warpinski & Smith, 1990), a number of key material
parameters are also involved in hydraulic fracturing. These include tensile strength, which determines the
stress at fracture initiation, and tensile (mode‐I) fracture toughness, KIc, which describes the stress needed
to extend a fracture (e.g., Forbes Inskip et al., 2018). While it is relatively straightforward to calculate or mea-
sure confining pressure, fluid pressure, and temperature with depth, data on how these parameters influ-
ence KIc with increasing depth are sparse.

This is important, as knowledge of any change in fracture toughness with pressure has direct implications
for both natural and engineered processes that involve the evolution of fracture networks in the upper crust.
Specifically, pressure increases with depth and is expected to close and reduce the effective length of pre‐
existing flaws and cracks in rocks and hence lead to an increase in KIc (Atkinson, 1979; Atkinson &
Meredith, 1987; Meredith & Atkinson, 1985). This is generally what has been observed in the relatively small
number of studies to date that have reported the effect of pressure on KIc (Balme et al., 2004; Funatsu et al.,
2004; Kataoka et al., 2017; Perkins & Krech, 1966; Schmidt & Huddle, 1977). These approaches have gener-
ally used “notched” samples where, under elevated pressure conditions, it is necessary for the pressurizing
fluid to enter and fill the notch. However, these techniques suffer from the technical problem of sealing the
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notch so that the pressurizing fluid cannot enter the propagating fracture,
while simultaneously applying a tensile (opening) load. In order to sim-
plify the process, values of KIc at elevated pressure have been reported
either from experimental arrangements where the notch was sealed
(e.g., Kataoka et al., 2017) or where the notch was unsealed and the pres-
surizing fluid was free to enter the propagating fracture. In the latter case,
results are not strictly representative of the true KIc at elevated pressure
unless corrected for this discrepancy. Only a small number of studies have
attempted to correct for this effect (Kataoka et al., 2017).

We summarize the available data on KIc at elevated pressure in Figure 1
and tabulate them in detail in Table S1 (see supporting information).
Figure 1 is a synoptic diagram that shows available published values
of KIc at elevated pressure for a wide range of rock types (see supporting
information Text S1 for additional detail of methods and materials).
Here the elevated pressure KIc values have all been normalized to their
ambient pressure values in order to facilitate comparison between dif-
ferent rock types and thus compare the general effect of elevated pres-
sure. Although the data for individual rock types from individual
studies appear to show a systematic increase in KIc with increasing con-
fining pressure, there does not appear to be any systematic dependence
of KIc on confining pressure when considering the normalized data set
as a whole. This may be due to inherent differences in the fracture prop-
erties of the different rocks, but it may also be the result of a lack of
consistency between the different methods used to measure KIc under
elevated confining pressure conditions.

Driven by this lack of consistency, and the inherent problems associated
with sealing notched fracture mechanics samples, we present new data

from a novel technique used to calculate KIc from tests using internally pressurized thick‐walled cylinder
samples (Abou‐Sayed, 1978; Gehne et al., 2019).

2. Materials and Methods:

Our test material was Nash Point shale. This material is known to be highly anisotropic and is considered to
be representative of the type of mudrocks being targeted as unconventional hydrocarbon reservoir materials
(Forbes Inskip et al., 2018; Gehne et al., 2019). Nash Point shale is the shaly member of the Porthkerry for-
mation, which is Hettangian‐Sinemurian in age and outcrops at Nash Point, SouthWales, UK. X‐ray diffrac-
tion analysis shows that Nash Point shale is composed predominately of calcite (50–70%), with lesser
amounts of clay (20–30%) and quartz (10–20%). It has a bulk density of 2,430 kg/m3. A detailed description
of the material is given in Forbes Inskip et al. (2018). The mechanical and P‐wave anisotropy is 60% and 56%,
respectively, as measured from indirect tensile strength tests and radial P‐wave velocities (Gehne et al.,
2019). It has a porosity of approximately ~6.5%, measured by helium pycnometery, and an intact permeabil-
ity of approximately 10−18 m2 parallel to bedding and 10−20 m2 normal to bedding (Gehne & Benson, 2019),
also measured using helium gas.

Hydraulic fracturing experiments were carried out in a conventional triaxial deformation cell using cylind-
rical samples of Nash Point shale 40 mm in diameter and 90 mm in length, with a centrally drilled borehole
12.6 mm in diameter. To account for material anisotropy, samples were prepared with axes either parallel or
normal to the bedding planes. The sample assembly is separated from the confining pressure medium using
an engineered nitrile jacket fitted with ports for up to 16 measurement sensors (11 acoustic emission [AE]
sensors, one borehole pressure sensor, and four radial deformation sensors) (Gehne et al., 2019). The central
borehole was fitted with two internal steel guides, sealed with respect to the borehole wall using a number of
O‐rings (Figure 2). The lower guide was drilled to allow access of the pressurized fracturing fluid to the cen-
tral sealed‐off section of the borehole where it was in direct contact with the borehole wall over a length of
approximately 19 mm (the distance between the two innermost O‐rings). Unlike some earlier studies

Figure 1. Plot of normalized KIc at different confining pressures for rocks
from the studies listed below. Here KIc measured at pressure (KIc (p)) is
normalized to the value at ambient pressure (KIc (0)). Further information
on each of the studies listed is provided in the supporting information (S1)
and table (ST1). (ST), (Arr), and (Div) refer to the principal fracture
orientations: Short‐Transverse, Arrester, and Divider, respectively.
Data taken from [1] Perkins and Krech (1966), [2] Schmidt and Huddle
(1977), [3] Abou‐Sayed et al. (1978), [4] Balme et al. (2004), [5] Funatsu et al.
(2004), and [6] Kataoka et al. (2017).
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(Stoeckhert et al., 2015; Vinciguerra et al., 2004), internal rubber sleeves
were not used to separate the fracturing fluid from the rock sample.

To run an experiment, the confining pressure is first applied to a pre‐
determined level and allowed to equilibrate. Water is then injected at a
constant flow rate of 1 mL/min into the sealed‐off section of the borehole.
After approximately 150 s, the injection pressure in the borehole starts to
increase quasi‐linearly. An axial stress is applied to the sample and is set,
via servo control, to always slightly exceed the confining pressure or the
borehole pressure, whichever is the greatest. This ensures effective sealing
of the steel guides throughout the duration of the experiment. Injection
pressure increases until it reaches the breakdown pressure, where a
hydraulic fracture is initiated at the borehole wall and propagates through
the sample thickness. Although a full experiment, including initial pres-
surization, lasts approximately 1,800 s (Figure 3A (inset), and Gehne et al.,
2019), the period of interest that spans the peak and post‐peak injection
pressure behavior spans at most 600 ms. We therefore focus attention on
the record of the 500 ms following the peak injection pressure, which is
defined to be the “zero” time. During this time, fracture nucleation and
growth is recorded as a rapid decrease in borehole pressure, a rapid
increase in the radial deformation of the sample, and an increase in AE
activity (Figure 3).

The voltage outputs from 11 AE sensors were passed through coaxial lead‐
throughs into buffered amplifiers where they were amplified by 30–70 dB
(selectable) before being recorded by an AE monitoring system (Itasca‐
Image Richter). This system also records the voltage output from a dedi-
cated borehole pressure transducer. The system digitizes and records 12
channels of data (11 channels of AE data and one channel of borehole
injection pressure data) continuously to disk at 10 MHz (Fazio et al.,
2017) for post experiment processing. The radial deformation of the sam-
ple was measured by two cantilever‐type radial strain probes attached
directly to the sample at 90° to each other using the final four jacket ports,

with themean radial strain calculated as√ (rA
2 + rB

2), where rA and rB are
the two individual radial strain outputs. These data were recorded on a
separate high‐speed data acquisition system at 10‐kHz sampling rate,
together with standard axial stress and strain data, and confining pressure.

Recording both the AE and injection pressure data via the high‐speed (10
MHz) AE digitizer ensures that there was no time discrepancy between
the different data inputs, with the radial deformation andmechanical data
recorded at 10 kHz and synchronized via this common injection pressure

signal (Gehne, 2018; Gehne et al., 2019). An example result from an experiment conducted under a confining
pressure of 25 MPa is presented as Figure 3. During this experiment, the injection pressure dropped rapidly
from 36.5 to 30 MPa at 60 ms after peak pressure (zero time in Figure 3). The pressure then recovered to 32
MPa at 65 ms before finally decaying slowly over an extended period of time. Many of the other experiments
exhibited several of these pressure drop‐recovery “oscillations” between the peak pressure and the final,
extended decay period. We suggest that these pressure oscillations occur in response to individual incre-
ments of hydrofracture extension. The fracture initially nucleates and extends as the local fracture toughness
at the borehole wall is exceeded. This results in a quasi‐instantaneous increase in volume and a concomitant
rapid decrease in injection pressure. As a result, fracture extension ceases and the injection pressure starts to
increase again (recovers) because fluid continues to be injected continuously at the same constant rate. This
process can then repeat itself over several pressure oscillation phases, each associated with an increment of
fracture extension, until the fracture eventually traverses to the sample boundary. The initial flaw size in the
test material (a0), which provides the local stress concentration at the borehole wall from which the fracture

Figure 2. Schematic diagram of the sample assembly used in this study. The
steel injection fluid guides are fitted with O‐rings to isolate the pressurizing
fluid (water) from the confining pressure (σ2 = σ3). The axial principal
stress, σ1, is controlled via electronic servo‐control to ensure positive sealing
throughout the experiment. After Gehne et al. (2019).
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nucleates, is calculated using the fracture mechanics model of Abou‐Sayed et al. (1978), which is applicable
for flaws that are small in relation to the borehole radius (Gehne, 2018) and is given by

Pb ¼ Pc þ KIc

1:2
ffiffiffiffiffiffiffiffi
πa0

p ; (1)

where Pb is the breakdown pressure (borehole injection pressure at time of initial tensile failure), Pc is the
confining pressure, and KIc is the fracture toughness.

Thus, the initial flaw size a0 can be determined from the breakdown pressure at zero confining pressure and
the ambient pressure fracture toughness of Nash Point shale, which is taken from Forbes Inskip et al. (2018)
using either the Short‐Transverse value (0.24 MPa·m1/2) for the experiments on cores with their long axes
parallel to bedding, or the Divider value (0.71 MPa·m1/2) for experiments on cores with their long axes nor-
mal to bedding (see Figure 4 for explanation of core/fracture orientations).

We now consider the two‐stage fracture advance illustrated in the example in figure 3. We use the change in
cumulative AE energy (Figure 3B) to estimate the increment of fracture advance during the first pressure
drop and then use this as the starting flaw size for the second pressure fluctuation and second fracture
advance. The underlying assumption is that the total cumulative AE energy corresponds to the total fracture
advance to the sample boundary. Hence, for the first pressure drop in Figure 3, we determine the ratio of the
cumulative AE during that pressure drop (AE1) to the total AE energy (AEtot = AE1 + AE2), and this ratio is
equal to the ratio of the fracture extension during that pressure drop (a1) to the width of the sample shell

Figure 3. Concept of effective fracture toughness calculation from thick‐walled cylinder experiments at elevated pressures
in Nash Point shale. (top panel and inset) Blue trace shows the borehole injection pressure with time, showing a sharp
decrease at initial fracture. Simultaneously, a rise in AE count rate (red dots) is measured. Note the high speed of the
process over just 600 ms: The inset shows a typical full experiment over some 1,800 s. (lower panel) Replotting the AE as a
cumulative energy (red line) allows the determination of the energy required to advance each fracture stage, using the
change in borehole fluid pressure as a guide. The sample geometry (lower right sketch) illustrates the energy advance
apportioned to each stage of the fracture process, where ri and ro are the borehole and sample radii, respectively.
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from the borehole wall to the outer boundary (ro − ri in Figure 3B). We then use a1 as the starting flaw size
for the second increment of fracture advance (a2) associated with the second pressure drop. Thus, for each
discrete fracture advance and pressure drop we can write

AEn

AEtot
¼ an

ro−ri
; (2)

where AEn and an are the cumulative AE energy and increment of crack extension during cycle n,
respectively.

We determine the point at which the fracture reaches the sample boundary from the rate of change of the
fluid injection pressure (dPinj/dt). During the initial phase of constant flow prior to any fracture growth,
dPinj/dt is constant and low (because the volume injection rate is low at 1 mL/min). By contrast, during frac-
ture propagation dPinj/dt changes rapidly, decreasing during fracture growth and increasing during pressure
recovery (Gehne, 2018). Finally, when the fracture reaches the sample boundary, dPinj/dt again becomes
constant and regains the same value as that during the initial constant flow phase. This point occurs at
0.09 s in the example illustrated in Figure 3. In reality, there is always a time lag between the fracture reach-
ing the sample boundary and the experiment being terminated. During this lag period, the fracture cannot
continue to grow radially but does continue to extend axially by a small amount, resulting in further defor-
mation and AE output.

For each fluid oscillation in experiments where we have multiple oscillation cycles, we can then obtain af =
Σan, which is the evolving flaw size (cumulative fracture extension) at the start of each pressure drop.
Finally, we can then define a differential pressure (Pp − Pc) dependent, or effective, fracture toughness,
eKIc, which is calculated from the linear elastic fracture mechanics formulation of Abou‐Sayed et al.
(1978) via

eKIc ¼ Pp−Pc
� �

F
af
ri

� � ffiffiffiffiffiffiffiffi
πan

p� �
; (3)

where Pp is the peak fluid injection pressure at the start of each pressure drop and increment of crack exten-
sion and Pc is the confining pressure. The function F (af/ri) represents the empirical determination of the
geometry effect of the thick‐walled cylinder (Paris & Sih, 1965) and ranges between approximately 2 for
crack increments of 10% of the inner (borehole) radius (in this setup, equivalent to 0.63 mm) to unity for pro-
pagation across the entire outer shell in one increment (13.7 mm, approximately 200% of the inner radius).
These functions are tabulated in Paris and Sih (1965) and reproduced in Table ST2 (in the supporting

Figure 4. Schematic of the bedding/fracture plane relationships as used in this study. Blocks of Nash Point shale as col-
lected in the field (a) exhibit clear sedimentary bedding that is used to defines to orientations for coring of the cylindrical
samples. Cores with long‐axis normal to bedding are designated as the Divider orientation, with cores with long‐axis
parallel to bedding designated Short‐Transverse (b). Typical failure planes are annotated with red lines.
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information) for completeness. For the initial stage, af = a0 and the
function F (af/ri) is then updated for each subsequent stage with the
appropriate value of af to allow for an updated calculation of eKIc.

3. Results

A total of 31 experiments were performed across a range of confining
pressures and with sample axes cored either parallel or normal to bedding
(Gehne, 2018; Gehne et al., 2019). When considering the growth of essen-
tially planar fractures in a material with a planar fabric (such as
Nash Point shale), we can define three principal fracture orientations:
Short‐Transverse (ST) orientation, where both the fracture plane and
the fracture propagation direction are parallel to bedding; Divider (DIV)
orientation, where the fracture plane is normal to bedding but the fracture
propagation direction is parallel to bedding; and Arrester orientation,
where both the fracture plane and the fracture propagation direction are
normal to bedding (Figure 4). For the thick‐walled cylinder geometry used
in our experiments, it is only possible to propagate fractures in either the
Short‐Transverse orientation (for samples cored parallel to bedding) or
the Divider orientation (for samples cored normal to bedding). That is
because it is always easier for fractures to propagate along the bedding
planes rather than across the bedding planes (Arrester orientation) in
bedding‐parallel cores.

The results from all the experiments are summarized in Figure 5. We
selected a subset of eight experiments from this larger catalogue
(Figure 5, solid symbols) and applied the above methodology to compute
values of the effective fracture toughness for both ST and DIV orientation
samples as a function of elevated confining pressure.

Comparing the values of breakdown pressure for the ST orientation and DIV orientation samples (Figure 5)
reveals that a much higher pressure is needed to fracture the sample in the DIV orientation, with DIV pres-
sures being up to 2 or 3 times higher than ST pressures for the same value of confining pressure. This is not
surprising, since we note that a similar ratio has been reported for the tensile strength and fracture toughness
of this material in these orientations when measured at ambient pressure (Forbes Inskip et al., 2018). It is
also clear from the data of Figure 5 that the breakdown pressure increases significantly for both orientations
with increasing confining pressure.

Figure 6 shows plots of borehole injection pressure, radial deformation and AE output against time for three
experiments which span the full range of confining pressures used in the study (2.2, 12.1, and 20.5 MPa). In
each case, a sequence of borehole pressure oscillations occurs following the initial breakdown (labeled with
numbers on the blue traces in Figure 6), which progressively decrease in amplitude. We note that ST samples
generally exhibit multiple post‐peak pressure oscillations (e.g., Figures 6A and 6B), whereas DIV orientation
samples generally exhibit only a single oscillation (e.g., Figure 6C). We consider this is likely due to the large
differences in fracture energy between the two orientations. The fracture energy release rate in the DIV
orientation is an order of magnitude higher than that in the Short‐transverse orientation, while the fracture
toughness is only about three times higher (Forbes Inskip et al., 2018). Thus, when a fracture nucleates from
the borehole wall in the DIV orientation, considerably more stored energy is released relative to the fracture
resistance and the fracture is therefore able to propagate much further across the sample before it arrests. We
also observe a rapid jump in cumulative AE output (red trace) accompanying breakdown, which then
increases steadily throughout the subsequent borehole pressure oscillations. This is accompanied by an
inflexion in the radial sample deformation (green trace), further confirming that the initial pressure break-
down marks tensile fracture propagation. However, the largest increases in radial deformation are observed
in the final phase of relatively slow pressure decay as the fracture propagates to the sample boundary.
Finally, we note that the breakdown pressure (maximum borehole fluid pressure) increases from approxi-
mately 10.4 MPa for the ST orientation test at 2.2‐MPa confining pressure to 27.5 MPa for the ST

Figure 5. Plot of borehole breakdown pressure as a function of confining
pressure for all experiments on Nash Point shale from the wider study
(after Gehne, 2018). Here we focus on results from a subset of eight
experiments; three in the Divider orientation (solid black triangles) and five
in the Short‐Transverse orientation (solid blue diamonds). In general,
a higher breakdown pressure is required to propagate fractures in samples
under higher confining pressure; with Divider orientation samples requiring
significantly higher pressure than Short‐Transverse samples at the same
confining pressure.
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orientation test at 12.1‐MPa confining pressure and then to 58 MPa for the DIV orientation test at 20.5‐MPa
confining pressure.

We have applied the analysis described above in section 2 to determine values of eKIc for each post‐
breakdown pressure oscillation in each of the eight experiments (five on ST orientation samples and three
on DIV orientation samples), across the range of confining pressures applied. Wherever we have a

Figure 6. Three example data sets for fluid‐driven fracture at confining pressures of 2.2 MPa (top), 12.1 MPa (center), and
20.5 MPa (bottom). In each case the borehole injection pressure (blue traces) drops at the moment of initial tensile failure
(breakdown), with both radial deformation (green traces) and cumulative AE output increasing at the same time. The
amplitude and number of injection pressure oscillations decreases with confining pressure and time. Analysis points
(stages) for calculating values of eKIc are labeled numerically for each case and summarized in Table 1.
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pressure oscillation following initial breakdown, we can calculate the dif-
ferential pressure required for the associated increment of fracture
advance (Pinj − Pc) and the flaw size at the start of that increment of frac-
ture advance. We recorded a total of 17 pressure oscillations in the eight
experiments, and this resulted in a total of 17 calculated values of eKIc

over the range of orientations and confining pressures studied, which
are all listed in Table 1.

We plot all the calculated values of eKIc from Table 1 as a function of the
differential pressure in Figure 7. We observe an essentially linear trend
that appears to be independent of sample orientation; with eKIc increasing
from approximately 0.36 to 4.05 MPa·m1/2 as the differential pressure
increases from 1.7 to 22 MPa.

4. Discussion

There are two key assumptions involved in our determination of the effec-
tive fracture toughness of Nash Point shale at elevated confining pressure
from fluid injection tests on thick‐walled cylinder samples. First, we deter-
mine the initial flaw size (ao) in equation (1), for each fracture orientation,
using the ambient pressure values of KIc from Forbes Inskip et al. (2018)
and assume that it does not vary with confining pressure. This assumption
is supported by the data of Chandler et al. (2016, 2019), where initial flaw
sizes were determined from both fluid injection and triaxial deformation
experiments for a range of rock types, including two shales (Mancos shale
and Whitby mudstone). While the initial flaw sizes for most rocks
appeared to decrease with increasing confining pressure, those for the
shales remained essentially constant over the confining pressure range 0
to 100 MPa. Furthermore, we also performed a simple sensitivity test of
our analysis, whereby we varied the input values of ao and calculated
the effect on the effective fracture toughness (eKIc). We found that varying

ao over an order of magnitude resulted in a change in eKIc of less than 1%. We are therefore confident that
our reported values of eKIc are not adversely affected by the initial flaw sizes used in the analysis.

Second, we hypothesize that we can accurately estimate the length of fracture advance for each pressure
drop during our fluid injection tests from the proportion of the total AE energy generated during that pres-

sure drop. This then provides the starting flaw size for the following
pressure oscillation and fracture advance. We consider this hypoth-
esis to be robust in itself, but it is also supported by results and obser-
vations from an earlier study of fluid‐driven tensile fracturing in
thick‐walled cylinder samples (Vinciguerra et al., 2004). There, very
similar oscillations in injection fluid pressure were observed during
post‐breakdown fracture propagation, concomitant with similar
surges in AE output. However, their observations were also sup-
ported by 3‐D hypocenter location of AE hits that allowed the posi-
tion of the advancing fracture tip to be determined. These results
demonstrated that, for each pressure oscillation, the ratio of the frac-
ture growth associated with that oscillation to the total fracture
growth was the same as the ratio of the output of AE energy to the
total AE energy. Of course, such an analysis is only accurate if the
fractures propagate exactly perpendicular to the sample axis. Post‐
mortem observation of the fractures generated in both ST and DIV
orientations demonstrates that fractures do propagate perpendicular
to the sample axis (Gehne et al., 2019). This was also the case for the
fluid‐driven fractures reported by Vinciguerra et al. (2004) and for

Table 1
Calculations of Effective Fracture Toughness (eK1c) as a Function
of Confining Pressure and Fracture Orientation From Pressure Oscillation
Analysis During Hydraulic Fracture Experiments on Samples of Nash
Point Shale

Experiment

Confining
pressure
(MPa)

Stage
#

Differential
pressure
(MPa)

af
(mm)

Fracture
toughness
(MPa.m1/2)

NPS‐ST‐2.2 2.21 1 3.20 5.25 0.58
2 3.20 5.55 0.56
3 3.00 5.74 0.53
4 2.80 5.94 0.51
5 2.70 6.16 0.50

NPS‐ST‐6.1 6.10 1 2.10 6.37 0.39
2 1.70 13.60 0.36

NPS‐ST‐
12.1

12.10 1 11.50 11.73 2.34
2 9.80 12.81 2.09
3 8.80 13.11 1.90
4 8.30 13.35 1.79
5 7.90 13.55 1.64

NPS‐ST‐
14.3

14.30 1 14.01 10.98 2.76

NPS‐ST‐
20.5

20.50 1 12.00 7.03 2.17

NPS‐DIV‐
4.5

4.50 1 14.60 11.72 2.98

NPS‐DIV‐
15.3

15.30 1 18.60 12.22 3.86

NPS‐DIV‐
20.4

20.40 1 22.00 7.27 4.05

Note. For each stage, “af” denotes the calculated crack length at the end of
that stage, which then becomes the initial crack length for the following
stage.

Figure 7. Variation in effective fracture toughness as a function of differential
pressure for Nash Point shale. Data from tests on Short‐Transverse samples
are shown as blue diamonds, and data from tests on Arrester samples are shown
as black triangles.
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fractures in both the ST and DIV orientations generated in Nash
Point shale during tensile strength and fracture toughness experi-
ments reported by Forbes Inskip et al. (2018). Furthermore, where
we have multiple pressure oscillations and multiple increments of
fracture growth during our fluid injection tests, we are able to make
multiple determinations of the fracture toughness, as seen for experi-
ments NPS‐ST‐2.2, NPS‐ST‐6.1 and NPS‐ST‐12.1 in Table 1. We note
that all the calculated values of the effective fracture toughness for
each of these three experiments are very similar, even though the
estimated initial crack lengths increase between oscillation stages.
This gives us additional confidence in our methodology.

The calculated values of the effective fracture toughness (eKIc) for
each pressure oscillation in all eight of our tests are plotted in
Figure 8 as a function of confining pressure. These results confirm
that the anisotropy in the fracture toughness of Nash Point shale
under ambient pressure conditions previously reported by Forbes
Inskip et al. (2018) is also maintained at elevated confining pressure.
The fracture toughness for the DIV orientation is significantly higher

than that for the ST orientation for all confining pressures tested. We also observe a general increase in effec-
tive fracture toughness with increasing confining pressure in both orientations; with eKIc increasing to
greater than 2 MPa·m1/2 in the ST orientation and to approximately 4 MPa·m1/2 in the DIV orientation at
the maximum confining pressure of just over 20 MPa. Extrapolating the ST data back to ambient pressure
gives a value of 0.22 MPa·m1/2, which is very close to the ambient pressure value of 0.24 MPa·m1/2 reported
by Forbes Inskip et al. (2018) for this orientation in Nash Point shale measured using the Semi‐Circular Bend
methodology (Kuruppu et al., 2014). We are not aware of any reason why the rate of fracture toughness
increase with increasing confining pressure should vary with orientation; nevertheless, extrapolating the
DIV orientation data back to ambient pressure gives a value that is significantly higher than the ambient
pressure value of 0.71 MPa·m1/2 reported by Forbes Inskip et al. (2018) for this orientation. However, if
we compare our data with previously published data for other rock types, we find that, when normalized,
they fit well within the spread of values summarized in Figure 1.

When considering the propagation of hydraulic fractures at depth in the Earth, especially anthropogenic
fractures propagated to develop hydrocarbon or geothermal energy resources, we note that the majority
grow vertically (Fisher & Warpinski, 2012) which, for horizontally bedded strata, is in the Arrester orienta-
tion. It is therefore unfortunate that this is the very orientation that we were unable to access in our experi-
ments. Nevertheless, we note that the fracture characteristics of Arrester orientation cracks and DIV
orientation cracks in Nash Point shale tested under ambient conditions were essentially the same (Forbes
Inskip et al., 2018); fracture toughness values of 0.74 and 0.71 MPa·m1/2 in the Arrester and DIV orienta-
tions, respectively. This is perhaps not surprising, because the fracture necessarily has to traverse all the bed-
ding interfaces when propagating in either orientation. In the Arrester orientation, all the interfaces are
sampled sequentially, while in the DIV orientation they are all sampled simultaneously. We therefore sug-
gest that Arrester orientation fractures are also likely to behave in a similar manner to DIV orientation frac-
tures at elevated confining pressure.

5. Conclusions

We have developed a method for deriving the fracture toughness of rock specimens at elevated confining
pressure using the conventional thick‐walled cylinder geometry (Abou‐Sayed et al., 1978; Gehne et al.,
2019; Paris & Sih, 1965; Zoback et al., 1977), using samples of anisotropic Nash Pont shale (Forbes Inskip
et al., 2018). The method takes advantage of the new generation of high‐speed digitizers for AEs to record
the very rapid changes in injection fluid pressure and mechanical (radial) strains associated with fracture
opening and to match changes in AE energy from the crack extension to the changes in injection fluid pres-
sure through time. This has allowed us to calculate a pressure‐dependent effective fracture toughness, eKIc.

Figure 8. Variation in effective fracture toughness with confining pressure,
determined from the fluid pressure oscillation and fracture growth cycles
identified in Figure 5, for both Short‐Transverse (blue diamonds) and Divider
(black triangles) orientations.
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We find that the internal burst pressure required to fracture samples increases with increasing confining
pressure. The burst pressure also depends on the fracture orientation with respect to the bedding planes,
as has been widely reported for other anisotropic, layered rocks (e.g., Forbes Inskip et al., 2018; Gehne
et al., 2019; Li et al., 2016; Stoeckhert et al., 2015; Warpinski et al., 2012; Zoback et al., 1977). The hydraulic
fractures commonly propagate in distinct increments, each associated with an injection pressure oscillation.
Each sequential oscillation and fracture growth increment requires a lower differential fluid pressure due to
the increasing fracture length.

Finally, we conclude that the effective fracture toughness increases significantly with increasing confining
pressure. The anisotropy in fracture toughness observed under ambient conditions (Forbes Inskip et al.,
2018) is maintained at elevated confining pressure. For all confining pressures tested, the effective fracture
toughness was noticeably higher in the DIV orientation than in the ST orientation. This is likely due to the
necessity for fractures to cross‐bedding planes when propagating in the DIV orientation, compared to propa-
gating along the bedding planes when propagating in the ST orientation. We consider such data to be of
importance in a wide variety of settings, ranging from dyke intrusion to anthropogenic hydraulic fracturing.

References
Abou‐Sayed, A. (1978). An experimental technique for measuring the fracture toughness of rock under downhole stress condition. VDI

Berichte, 313, 819–824.
Abou‐Sayed, A., Brechtel, C., & Clifton, R. (1978). In situ stress determination by hydrofracturing: A fracture mechanics approach. Journal

of Geophysical Research, 83, 2851–2862. https://doi.org/10.1029/JB083iB06p02851
Atkinson, B. K. (1979). A fracture mechanics study of subcritical tensile cracking of quartz in wet environments. Pure and Applied

Geophysics, 117(5), 1011–1024.
Atkinson, B. K., & Meredith, P. G. (1987). The theory of sub‐critical crack growth with application to minerals and rocks. In Fracture

mechanics of rock (pp. 111–166). San Diego: Academic Press.
Balme, M. R., Rocchi, V., Jones, C., Sammonds, P., Meredith, P., & Boon, S. (2004). Fracture toughness measurements on igneous rocks

using a high‐pressure, high‐temperature rock mechanics cell. Journal of Volcanology and Geothermal Research, 132, 159–172.
Chandler, M. R., Mecklenburgh, J., Rutter, E., & Lee, P. (2019). Fluid injection experiments in shale at elevated confining pressures:

Determination of flaw sizes frommechanical experiments in shale. Journal of Geophysical Research: Solid Earth, 124, 5500–5520. https://
doi.org/10.1029/2018JB017207

Chandler, M. R., Meredith, P. G., Brantut, N., & Crawford, B. R. (2016). Fracture toughness anisotropy in shale. Journal of Geophysical
Research: Solid Earth, 121, 1706–1729. https://doi.org/10.1002/2015JB012756

Fazio, M., Benson, P. M., & Vinciguerra, S. (2017). On the generation mechanisms of fluid‐driven seismic signals related to volcano‐
tectonics. Geophysical Research Letters, 44, 734–742. https://doi.org/10.1002/2016GL070919

Fisher, K., & Warpinski, N. (2012). Hydraulic‐fracture‐height growth: Real data. Society of Petroleum Engineers, 27(01), 8–19. https://doi.
org/10.2118/145949‐PA

Forbes Inskip, N. D., Meredith, P. G., Chandler, M. R., & Gudmundsson, A. (2018). Fracture properties of Nash Point shale as a function of
orientation to bedding. Journal of Geophysical Research: Solid Earth, 123, 8428–8444. https://doi.org/10.1029/2018JB015943

Funatsu, T., Seto, M., Shimada, H., Matsui, K., & Kuruppa, M. (2004). Combined effects of increasing temperature and confining pressure
on the fracture toughness of clay‐bearing rocks. International Journal of Rock Mechanics and Mining Science and Geomechanics
Abstracts, 41, 927–938.

Gehne, S. (2018). A laboratory study of fluid‐driven tensile fracturing in anisotropic rocks. PhD Thesis, University of Portsmouth. Preprint
at https://ethos.bl.uk/OrderDetails.do?uin=uk.bl.ethos.765705

Gehne, S., & Benson, P. M. (2019). Permeability enhancement through hydraulic fracturing: New laboratory measurements combining a
3D printed jacket and direct over‐pressure. Scientific Reports, 9(1), 12573. https://doi.org/10.1038/s41598‐019‐49093‐1

Gehne, S., Benson, P. M., Koor, N., Dobson, K. J., Enfield, M., & Barber, A. (2019). Seismo‐mechanical response of anisotropic rocks under
simulated hydraulic fracture conditions: New experimental insights. Journal of Geophysical Research: Solid Earth, 124, 9562–9579.
https://doi.org/10.1029/2019JB017342

Kataoka, M., Eqlima, M., Funatsu, T., Takehara, T., Obera, Y., Fukui, K., & Hashiba, K. (2017). Estimation of mode‐I fracture toughness of
rock by semi‐circular bend test under confining pressure condition. Procedia Engineering, 191, 886–893. https://doi.org/10.1016/
jproeng.2017.05.258

Kuruppu, M. D., Obara, Y., Ayatollah, M. R., Chong, K. P., & Funatsu, T. (2014). ISRM‐suggested method for determining the Mode I static
fracture toughness using semi‐circular bend specimens. In R. Ulusay (Ed.), The ISRM suggested methods for rock characterization, testing
and monitoring 2007‐2014 (pp. 107–114). Wien: Springer.

Li, X., Feng, Z., Han, G., Elsworth, D., Marone, C., Saffer, D., & Cheon, D.‐S. (2016). Breakdown pressure and fracture surface morphology
of hydraulic fracturing in shale with H2O, CO2 and N2. Geomechanics and Geophysics for Geo‐Energy and Geo‐Resources, 2(2), 63–76.

Meredith, P. G., & Atkinson, B. K. (1985). Fracture toughness and subcritical crack growth during high‐temperature tensile deformation of
westerly granite and black gabbro. Physics of the Earth and Planetary Interiors, 39, 33–51.

Paris, P. C. & Sih, G. C. (1965). Stress analysis of cracks. In: Fracture toughness testing and its applications, ASTM International.
Perkins, T. K., & Krech, W. W. (1966). Effect of cleavage rate and stress level on apparent surface energies of rocks. SPE Journal, 6, 308–314.
Schmidt, R. A., & Huddle, C. W. (1977). Effect of confining pressure on fracture toughness of Indiana limestone. International Journal of

Rock Mechanics and Mining Science and Geomechanics Abstracts, 14(5‐6), 289–293. https://doi.org/10.1016/0148‐9062(77)90740‐9
Stoeckhert, F., Molenda, M., Brenne, S., & Alber, M. (2015). Fracture propagation in sandstone and slate‐Laboratory experiments, acoustic

emissions and fracture mechanics. Journal of Rock Mechanics and Geotechnical Engineering, 7(3), 237–249.
Vinciguerra, S., Meredith, P. G., & Hazzard, J. (2004). Experimental and modeling study of fluid pressure‐driven fractures in Darley Dale

sandstone. Geophysical Research Letters, 31, L09609. https://doi.org/10.1029/2004GL019638

10.1029/2019JB018971Journal of Geophysical Research: Solid Earth

GEHNE ET AL. 10 of 11

Acknowledgments
This work was financed by the National
Environmental Research Council
(Grant NE/L009110/1) to PMB and NK
and the NERC CDT in Oil and Gas
(Grant NE/M00578X/1) to NFI. The
authors thank Emily Butcher for
sample preparation assistance. Data
used for this study can be accessed via
the UK National Geoscience Data
Center at https://www.bgs.ac.uk/
services/ngdc/accessions/index.html?
simpleText=NE/L009110/
1#item131125.

https://doi.org/10.1029/JB083iB06p02851
https://doi.org/10.1029/2018JB017207
https://doi.org/10.1029/2018JB017207
https://doi.org/10.1002/2015JB012756
https://doi.org/10.1002/2016GL070919
https://doi.org/10.2118/145949-PA
https://doi.org/10.2118/145949-PA
https://doi.org/10.1029/2018JB015943
https://ethos.bl.uk/OrderDetails.do?uin=uk.bl.ethos.765705
https://doi.org/10.1038/s41598-019-49093-1
https://doi.org/10.1029/2019JB017342
https://doi.org/10.1016/jproeng.2017.05.258
https://doi.org/10.1016/jproeng.2017.05.258
https://doi.org/10.1016/0148-9062(77)90740-9
https://doi.org/10.1029/2004GL019638
https://www.bgs.ac.uk/services/ngdc/accessions/index.html?simpleText=NE/L009110/1#item131125
https://www.bgs.ac.uk/services/ngdc/accessions/index.html?simpleText=NE/L009110/1#item131125
https://www.bgs.ac.uk/services/ngdc/accessions/index.html?simpleText=NE/L009110/1#item131125
https://www.bgs.ac.uk/services/ngdc/accessions/index.html?simpleText=NE/L009110/1#item131125


Warpinski, N., & Smith, M. B. (1990). Rock mechanics and fracture geometry. In J. L. Gidley, S. A. Holditch, D. E. Nierode, & R. W. Veatch,
Jr. (Eds.), Recent advances in Hydraulic Fracturing (pp. 57–80). Richardson, TX: Society of Petroleum Engineers.

Warpinski, N. R., Du, J., & Zimmer, U. (2012). Measurements of hydraulic‐fracture‐induced seismicity in gas shales. SPE Production &
Operations, 27(3), 240–252.

Zoback, M., Rummel, F., Jung, R., & Raleigh, C. (1977). Laboratory hydraulic fracturing experiments in intact and pre‐fractured rock.
International Journal of Rock Mechanics and Mining Science and Geomechanics Abstracts, 14(2), 49–58.

10.1029/2019JB018971Journal of Geophysical Research: Solid Earth

GEHNE ET AL. 11 of 11



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


