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Abstract

Subcritical fracturing can contribute to stimulation of permeability in geothermal reservoirs as it is
observed to lead to lower formation breakdown pressure and enlargement of fracture disturbed zone.
It may contribute to more efficient, low risk stimulation of reservoir permeability by (1) reduced
injection rates and volumes required for stimulation, (2) better optimized stimulation, and (3)
progressively increasing permeability and flow rates during operation of geothermal doublets. This
study aims to explore methods to determine the contribution of subcritical crack growth to
permeability increase during operation of a geothermal doublet targeting a tight sandstone reservoir
in the Netherlands. It includes (1) a short review of the theory underpinning subcritical crack growth,
(2) an analysis of typical experimental data for subcritical fracture growth velocities in sandstones, and
(3) an analysis of hydro-mechanical properties of the tight Triassic sandstone targeted by the Trias
Westland project in the Netherlands, including both axial compression and fluid injection experiments.
The hydro-mechanical properties of the Triassic sandstone targeted by the Trias Westland project
suggest that the reservoir is too tight to be considered for geothermal energy. Flow rates will be
negligible unless the low reservoir permeability is restricted to the near-well area or high permeability
zones exist that can be connected to wells using stimulation treatments. Core samples from the
reservoir provide a unique opportunity to further study the effect of stimulation, including the effect
of subcritical crack growth on permeability and strength.
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1. Introduction

DESTRESS targets stimulation of Enhanced Geothermal Systems with minimal seismicity. The concept
of “Soft Stimulation” has been advanced, which aims to stimulate the permeability of tight reservoirs,
while preventing large seismic events (Zang et al. 2013; Hofmann et al. 2018). One of the soft
stimulation concepts is cyclic pumping (“fatigue hydraulic fracturing”), which involves cyclic increase
and decrease of fluid injection rates (Kiel 1977; Zang et al. 2013). In “conventional hydraulic fracturing”
relatively short-term monotonic fluid injection at relatively high injection rates is performed, resulting
in relatively fast pressure build-up to levels above the fracturing pressure. Fatigue hydraulic fracturing
mainly differs from conventional hydraulic fracturing in that fluid is injected in cycles with alternating
higher and lower injection rates at different cycle times, resulting in a cyclic pressure response that
gradually reaches the fracturing pressure over successive injection cycles (Hofmann et al. 2018).
Fatigue hydraulic fracturing has been applied in laboratory experiments (Stephansson et al. 2019) as
well as in a few field cases (Zang et al. 2019; Huenges et al. 2020). In some studies a decrease in
formation breakdown pressure and increase of fracture disturbed zone has been found (Kiel 1977,
Zang et al. 2019). These aspects are beneficial to reservoir stimulation as the likelihood of inducing
seismicity may decrease due to lower injection pressures and volumes, while reservoir permeability
and associated reservoir-to-well connectivity may increase due to the larger stimulated reservoir
volume. An interesting aspect, compared with conventional hydraulic fracturing, is that the
characteristics of injection cycles, such as duration, injection rate, frequency and number of stages,
may be varied, yielding more operational parameters that can be optimized or tuned to different types
of reservoirs. The effects on breakdown pressure and fracture network complexity may be attributed
to progressive and enhanced microfracture development during stimulation and subcritical crack
growth (Hofmann et al. 2018).

Subcritical crack growth has been observed in many in rock materials (Anderson and Grew, 1977;
Atkinson 1982; Holder et al. 2001; Ko and Kemeny 2011), and is typically attributed to stress corrosion
by chemical interactions at the crack tip at temperatures relevant to geothermal reservoirs (Atkinson
1982). Subcritical crack growth can lead to fracture propagation at stresses below the tensile or shear
strength of rocks as described by conventional failure criteria, such as the Griffith and Mohr-Coulomb
failure criteria (Figure 1). One of the main effects on rock fracturing is that it yields time dependence
of fracture development and of decay of rock strength (Zhurkov 1984). Bunger and Lu (2015) modelled
initiation of multiple fractures during (multistage) hydraulic fracturing in shales and found that
subcritical crack growth controls stress-versus-strength conditions of fracture initiation.

Within the framework of soft stimulation and the overarching goal of the DESTRESS project, the
relevance of subcritical crack growth to fatigue hydraulic fracturing is threefold:

(1) Reduced injection rates and volumes are required for reservoir stimulation if subcritical
crack growth leads to lower breakdown pressure, larger complexity of fracture networks
and larger stimulated reservoir volume, which could lower the likelihood of induced
seismicity,

(2)  Understanding the contribution of subcritical crack growth to fatigue hydraulic fracturing
may lead to a mechanistic description of the process, which can be used to better predict
and optimize the stimulation treatment,

(3)  Subcritical fracture propagation has the potential to progressively increase permeability
and, hence, flow rates during operation of geothermal doublets without performing
conventional hydraulic fracturing, provided reservoir conditions are such that the process is
efficient and not counteracted by permeability-reducing processes such as fracture closure
or scaling.
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Demonstration of soft stimulation treatments
of geothermal reservoirs
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Figure 1 Schematic overview of geomechanical concepts relevant to fracturing of rocks. Top: Mohr-Coulomb Circle
representation of the effect of increasing pore pressure on stress state and initiation of modes | and Il fractures. For low
differential stress (61-03), increasing pore pressure leads to initiation of tensile (mode I) fractures (orange). For high
differential stress, increasing pore pressure leads to initiation or reactivation of shear (mode Il) fractures (green). Middle:
Different fracturing modes |, Il and Ill with schematic representation in rocks. Note that mode Il is not indicated in the Mohr-
Coulomb diagrams. Bottom: Link between fracture mode/orientation (&) and stress state represented in a Mohr-Coulomb
diagram (left). Difference in failure criterion of intact rock (fracture initiation criterion) and rock with pre-existing faults
(fracture reactivation/hydraulic shearing criterion). Modified from: Veldkamp et al. (2015) and Buijze et al. (2019).

This study aims to explore methods to determine the contribution of subcritical crack growth in
permeability increase during operation of a geothermal doublet targeting a tight sandstone reservoir
in the Netherlands. It includes (1) a short review of the theory underpinning subcritical crack growth,
(2) an analysis of typical experimental data for subcritical fracture growth velocities in sandstones, and
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(3) an analysis of hydro-mechanical properties of the tight Triassic sandstone targeted by the Trias
Westland project in the Netherlands.

2. Review of subcritical crack growth theory

Time-dependent subcritical fracture propagation and strength reduction have been observed under
different loading conditions, i.e., for tensile (mode 1) as well as shear (mode IlI) fractures (Ko and
Kemeny 2008). The focus of the present study is on the role of mode | fracturing in reservoir stimulation
by fluid injection. For a 2D mode | fracture opened at a constant pressure, the stress intensity factor
(K)) describes the resistance of a material to facture propagation (Irwin 1957; Economides et al. 2000)

K, = (Pr— o3)Vnl (1)
where Psis the pressure in the fracture, oz is the minimum principal stress and L is the fracture half-

length. Fracture propagation velocity shows a complex relation with K, as a result of different
mechanisms controlling the propagation velocity (Figure 2).

Log (V)

K.'O

Stress intensity factor (K))

Figure 2 Relation between fracture propagation velocity (v) and stress intensity factors showing three regimes with different
mechanisms that control propagation velocity.
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Most experimental evidence suggest that subcritical crack growth occurs between a lower threshold
value (Kio) and the critical stress intensity facture or fracture toughness (Kic), although it is unclear if Ko
exists for all materials (Anderson and Grew 1977; Atkinson 1982). Atkinson (1982) suggested that in
regime 1 fracture propagation velocity is controlled by stress corrosion reactions, transport of reactive
species controls the velocity in regime 2, and velocity-controlling mechanisms in regime 3 are not fully
understood. The most practical approach to describing the v-K; relations in rocks is by a power law
relation (Charles 1958; Atkinson 1982)

v = vyexp(—AH/RT) K" (2)

with vp a pre-exponential constant, AH an activation enthalpy, R the gas constant, T temperature and
n the stress corrosion or subcritical crack growth index. If temperature is assumed constant and if K; is
expressed relative to material property Kic, equation (2) yields

v = AK[* = A(K;/Kic)" (3)

with pre-exponential constant A in [m/s]. Subcritical crack growth will lead to a time-dependent
reduction in failure strength which can be expressed as time to failure (t) (Scholz 1972; Anderson and
Grew 1977; Zhurkov 1984)

_ Uo—VUt]
t =tgexp [—RT (4)
with to, U, ¥ material constants related to the oscillation frequency, binding energy, and disorientation
of structure of atoms, and o: the tensile stress. For constant temperature, equation (4) can be
simplified to

t = Aexp(—aoa;) (5)
with pre-exponential constant A in [s] and constant «in [Pa™].

Most experimental data on subcritical crack growth in rock materials can be conveniently described by
the above equations (Atkinson 1984). Data on subcritical crack growth velocities for mode | fractures
can be used in numerical models to assess the contribution of subcritical fracture growth to stimulation
of permeability in reservoirs (Lu et al. 2017). Subcritical crack growth may also contribute to reduction
in shear failure strength (Ko and Kemeny 2011), which could lead to enhanced permeability by
hydraulic shearing in fractured reservoirs.

28.02.2020 7
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3. Experimental data on subcritical crack growth in sandstones

Three experimental studies that have investigated fracture toughness and subcritical crack growth in
sandstone were reviewed within the framework of this study (Senseny and Pfiefle 1984; Holder et al.
2001; Koh and Kemeny 2008). The experimental data are summarized in Table 1. Senseny and Pfiefle
(1984) determined fracture toughness on sandstone samples collected at different depths (1311-
2472 m) in the MWX wells drilled in the Piceance Basin. Short rod specimens with a chevron notch
were used, following a method first proposed by Barker (1977). They found relatively large variations
in fracture toughness (up to a factor of 3) between adjacent stratigraphic layers. Holder et al. (2001)
determined subcritical crack growth velocities in weak, porous Scioto sandstone using a modified dual
torsion beam test that includes a pre-loading procedure to minimize transient non-elastic material
behaviour. Subcritical crack growth velocities between 10 and 102 m s were measured for stress
intensity factors between 0.5 and 0.7 MPa m*2. Besides some typical values for the subcritical crack
growth index and the pre-exponential constant that can be used in equation (3) to describe subcritical
crack growth velocity, they found lower n values under water-saturated conditions compared to
samples exposed to air. Koh and Kemeny (2008) determined both fracture toughness and subcritical
crack growth parameters in Coconino sandstone by varying loading rates on Brazilian and grooved disk
specimens for mode | parameters, on rectangular single shear specimens for mode Il parameters, and
rectangular punch-through specimens for mode Ill parameters. A reduction in tensile strength of ~17%
was found if loading rate were decreased from 10 MPa/s to 0.01 MPa/s.

Study Kic [MPa.m¥?] n A[m.sY
Senseny & Pfiefle (1984) 0.69-2.40(1.27) - -
MWX wells,

Piceance Basin

Holder et al. (2001) air - 35+5(38.5) 1.29x10”
Scioto sandstone 52
E=11.4GPa water - 25
v=0.13 36

Koh & Kemeny (2008)

Coconino sandstone mode | 0.66-0.78 (0.72) 37+11 4.2x102+1.7x103
UCS: 118 + 3 MPa mode Il 1.12-137(1.27) 35+13 2.2x107 % 9.9x10*
Gt =6.4%0.9 MPa mode Ili - 3749 ]
E=243+15GPa

v=0.36£0.03

Co=22.7 MPa

¢ =50.6°

Table 1 Summary of experimental data on subcritical crack growth in sandstones from three studies. Fracture toughness
(Kic), subcritical crack growth index (n) and pre-exponential constant A
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4. Geomechanical characteristics of the Triassic sandstone targeted by the
Trias Westland project

The Trias Westland geothermal project in the Netherlands drilled to a Triassic sandstone reservoir at
~4.3 km depth. Well tests and core analysis indicate that the reservoir was too tight to be successfully
developed. Core analysis showed helium porosity values of 1.4-3.9% and Klinkenberg permeability
below 0.02 mD (Felder and Fernandez 2018). Currently, geothermal operations continue in shallower
(~2.3 km) Lower Cretaceous sandstones. Given the cost of drilling to ~4.3 km, it is of interest to explore
possibilities to stimulate reservoir permeability. Core material from the NLW-GT-01 Trias Westland
well was made available for the current DESTRESS study, providing unique access to reservoir rock
samples from a deep geothermal well. The full core was sampled and made available for research,
allowing core samples perpendicular (roughly horizontal plugs) and parallel (roughly vertical plugs) to
the axis of the core to be drilled.

The current experiments focus on determining hydro-mechanical properties of the tight sandstone
reservoir rock. Considering the importance for flow properties as well as for triaxial axial compression
experiments, a lot of effort was put in obtaining information on saturation and poroelastic properties
of the sandstone and on building a setup that allows hydraulic and subcritical fracturing to be studied
in a triaxial deformation apparatus. Three triaxial experiments and three fluid injection experiments
were performed on the core samples (¥~50 mm length and ~25 mm diameter) of the NLW-GT-01 well
at different confining and injection pressures (Table 2). Two samples (NLW-GT-01-14H, and NLW-GT-
01-15H) were drilled perpendicular to the axis of the core, and four (NLW-GT-01-4V, NLW-GT-01-6V,
NLW-GT-01-7V, and NLW-GT-01-8V) were drilled parallel to the core axis. Duration and pressure
history of the triaxial experiments varied between relatively short term (5.5 hr) experiments with a
monotonic pressure increase and axial loading, and relatively long term (146.6 and 246.1 hr)
experiments with more complex pressure history, followed by monotonic axial loading. Confining
pressures (P. = S3) ranged between 5 and 53 MPa; all experiments were performed at room
temperature.

The relatively short term triaxial experiment was performed at P. = 53.0 MPa, roughly representative
of the minimum horizontal stress (Spmin = S3) at 4 km depth in the prevailing normal faulting regime in
the Netherlands (i.e. assuming AS,/AZ = 22 MPa/km, Simin/Sy = 0.6 and Spmin = Shmax). Upstream and
downstream pressures (P, and P,) were vented to atmosphere to ensure drained conditions, which
can be compared with the relatively long term experiments at elevated P, and Pg.

For the relatively long term triaxial experiments, upstream and downstream pressures (P, and P,) were
varied between 0.0 and 46.0 MPa, with P, = P. to test saturation, pore connectivity and poroelastic
properties and P, > P. to perform (Darcy) flow tests. Long term (143.3 and 237.2 hr) saturation,
pressurization, flow and poroelastic stressing stages were performed prior to deformation in axial
compression. Initial saturation stages of 65.0-70.4 hr duration were performed at lower P, of 0.5 and
15.0 MPa. The flow test was performed on sample NLW-GT-01-14H by applying P, = 10 MPa and P,
vented to atmosphere for 22.5 hr. In the poroelastic stressing stages, P. was increased by (typically)
1 MPa at 1 MPa/hr, followed by 30-90 minutes pressure equilibration for each step, while P, and P.
were continuously monitored. It should be emphasized that although the poroelastic stressing stages
were performed following the approach originally proposed by Skempton (1954), the lack of
permeability and associated lack of pore connectivity hamper reliable assessment of Skempton B-
coefficients and saturation. It has been suggested that pore pressure changes caused by changes in P,
become constant at increasing confinement, indicating full saturation of rock samples (Makhnenko
and Labuz 2013). However, results of the current poroelastic stressing stages do not indicate such a
trend, and suggest that the combined compressibility of bulk sample and fluid system to upstream and
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downstream pressure sensors is recorded rather than separate contributions of pore fluid and the rock
framework (Fjaer et al. 2008).

Sample Test stage Duration o3 02= O3 Upstream  Downstream
[hr] [MPa] [MPa] Pressure Pressure
[MPa] [MPa]

1. ambient saturation 70.4 0.5 0.5 vent vent

2. pressurizing 0.2 15.0 15.0 vent vent

3. Darcy flow 22.5 15.0 15.0 10 vent
NLw-GT-01-14R pressurizing 19.6 25.0 25.0 17.3-25.0 17.3-25.0
(4263 m MD) ) .

5. poroelastic stressing 4.1 25-30 25-30 closed closed

6. axial compression 1.6 max. 168.8  30.0 27.8 closed

7. de-pressurizing 1.6 unload 0 vent vent

1. saturation 65.0 15.0 15.0 vent vent

2. pressurizing 24.0 16.0 16.0 0.0-2.0 0.0-2.0

3. poroelastic stressing 6.6 16-20 16-20 closed closed

4. pressurizing 17.4 20.0 20.0 max. 13.0 max. 13.0
NLW-GT-01-15H 5. poroelastic stressing 7.2 20-27 20-27 closed closed
(4264 m MD) 6. pressurizing 16.6 27.0 27.0 max. 18.3 max. 23.4

7. poroelastic stressing 25.7 27-53 27-53 closed closed

8. pressurizing 74.6 53.0 53.0 46.0 46.0

9. axial compression 1.3 max. 214.9 53.0 46.4 46.4

10. de-pressurizing 2.2 unload 0 vent vent
NLW-GT-01-7V 1. pressurizing 2.9 53.0 53.0 0.1 vent
(4256.06 m MD) 2. axial compression 2.6 max. 394.6  53.0 0.1 vent
NLW-GT-01-4V 1. pressurizing 1.6 44.0 32.0 20.0 20.0
(4253.1 m MD) 2. fluid injection, Pmax™ 1.8 45.4 32.1 45.7 15.0
NLW-GT-01-6V 1. pressurizing 12 8.8 5.0 5.0 5.0
(4255.06 m MD) 2. fluid injection, Pmax* 1.2 12.7 5.0 22.8 5.0
NLW-GT-01-8V 1. pressurizing 14 15.0 5.0 0.5 0.5
(4257.05m MD) 2. fluid injection, Pmax* 0.6 14.8 5.0 20.3 0.5

Table 2 Summary of test stages for experiments on core samples from the NLW-GT-01 well drilled for the Trias Westland
geothermal project. Conditions reached after each stage are quoted. MD denotes measured depth along the well. *Prax-
conditions at maximum injection pressure before (jacket) failure (connected to upstream fluid inlet, see text).

After saturation and pressurization stages at isotropic stress state, three samples (NLW-GT-01-14H,
NLW-GT-01-15H and NLW-GT-01-7V) were deformed in axial compression to determine Young’s
modulus as well as failure and residual strength. Axial compression of samples was achieved using a
lower ram to move the triaxial cell with lower and upper pistons (25 mm diameter), sample and
internal load cell against an external load cell mounted on the crosshead of the loading frame. The
samples were sealed with respect to the oil confining medium using a jacket made heat shrinking tube.
A constant displacement rate of the lower ram yielded axial strain rates of ~5x10° s1. The triaxial cell
allows for independent control of axial and radial stresses (confinement) as well as upstream and
downstream pressures. Axial stress was measured by two load cells, located both inside and outside
the pressure vessel. Confining pressure and upstream and downstream pressures were controlled via
external pumps. Axial strains were measured indirectly by means of an external linear variable
differential transformer (LVDT) only, implying that the combined displacement due to both sample
deformation and load-dependent elastic shortening of the piston assembly is recorded. Therefore,

28.02.2020 10
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axial strains measured by this setup are likely overestimated, possibly leading to underestimation of
sample stiffness (Young’s modulus). Radial strains were not measured. Fluid injection experiments
were performed in a similar setup to that used for the axial compression tests. Differences are that the
upper and lower pistons are oversized (35 mm diameter) with respect to the ~25 mm diameter sample
to accommodate sealing O-rings around the sample at the piston-sample interface, and that the
upstream pressure was connected through the upper piston and a metal spacer to a ~4 mm hole drilled
in the centre of the sample. The metal spacer (L x D = 25 x 25 mm) had circular grooves on both end
with ~10 cm diameter O-rings to prevent pressure communication between injected fluid and the
outside of the sample and spacer. A ~3.7 mm diameter hollow metal pressure tube was glued into the
central hole in the sample using epoxy resin and sealed at the top by a ¥4 mm O-ring to ensure that
fluid was injected roughly at the centre of the sample.

Results of the saturation and poroelastic stressing tests confirmed the low permeability found in the
well tests and previous core analysis: i.e. (1) poroelastic stressing does not indicate effects of increasing
saturation; and (2) the Darcy flow test does not indicate any flow across the sample. The axial
compression tests indicated a Young’s modulus (E) of 12.9-17.6 GPa and a high failure strength of
394.6 MPa at P. = 53.0 MPa if P, = 0.1 MPa and P, is vented to atmosphere (sample NLW-GT-01-7V,
Figure 3).

450

—DSS001: NLW-GT-01-14H ( 4263 m. depth); Pc =30.0 MPa; Pu=Pd = 27.8 MPa
——DSS002: NLW-GT-01-15H ( 4264 m. depth); Pc =53.0 MPa ; Pp = 46.4 MPa

400 DSS005: NLW-GT-01-7V ( 4256.06 m. depth); Pc = 53.0 MPa; Pp = 0.1 MPa

w
Ul
o

300

S,-S;) [MPa]

250
AG o= 214.9 MPa

200

AG .= 168.8 MPa

differential stress (Ac

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

axial strain sample [-]

Figure 3 Stress-strain curves for triaxial experiments on samples NLW-GT-01-14 and NLW-GT-01-15, deformed in axial
compression. Dashed parts of curves indicate post failure behaviour with axial strains that are affected by elastic response of
the deformation apparatus due to unloading of the piston-sample assembly (note that axial displacement is measured
externally, see text).

Failure strengths of 168.8 MPa and 214.9 MPa were found at elevated P, and Py and P. = 30.0 MPa and
P. = 53.0 MPa (samples NLW-GT-01-14H and NLW-GT-01-15H, respectively). Post failure behaviour is
markedly different for the three samples. NLW-GT-01-14H and NLW-GT-01-15H show a relatively sharp
decrease in stress after the peak stress down to a residual stress or to zero strength, respectively. In
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contrast, post failure stresses in NLW-GT-01-15 show multiple peaks after failure. This difference might
have a range of causes, but is most likely due to the difference in confining and pore pressures.

The results of the fluid injection tests are more difficult to interpret as all tests indicate a failure of the
sample jacket and pressure communication between P, P, and Py at injection pressures of P; = 20.3-
45.7 MPa. It is uncertain if tensile fracturing of the sample caused jacket failure, or if jacket failure
resulted from failure of O-ring seals. In any case, the pressure difference AP; = P; - P. (13.6-17.7 MPa)
can be regarded as a lower bound to the injection pressure in the central hole that is required for
tensile fracturing to occur.

The failure strengths can be plotted on a Mohr-Coulomb failure diagram (Figure 4). Although based on
only three triaxial failure tests, a linear Mohr Coulomb failure criterion with friction coefficient
(4u = 0.7) and cohesion (Sp = 50 MPa) can be used to cap all stress states at failure (indicated by Mohr
circles). An unconfined compressive strength (UCS) of 198.0 MPa can be estimated based on these
values (Al-Ajmia and Zimmerman 2005). The experiment on sample NLW-GT-01-14H seems to indicate
that a lower differential stress is required to reach failure, which could be caused by the different
duration or pressure history. Additional triaxial experiments should be performed to confirm or reject
this suggestion. If a systematic relation between duration and pressure history and failure strength is
confirmed by additional tests, it could be indicative of an effect of subcritical crack growth on failure
strength. An alternative explanation is sample variability. The mechanical properties are consistent
with a relatively strong, low porosity and permeability sandstone (Fjaer et al. 2008).

250 - —07 .- ——NLW-GT-01-14H: P = 27.8 MPa
Hu = & P ——NLW-GT-01-15H: P = 46.4 MPa
s
| e —NLW-GT-01-7V: P = 0.1 MPa
200 P ’ = = Mohr Coulomb failure criterion
1 L’ ’ + tensile strength (estimated)
g effective stresses 4 km depth
I~ 150 4
& i
=
E ]
@ 100 +
a2 ]
4]
=
7]
E 50 ¥
w 4
5 S
-é() t 30 | 80 130 \180 230 280 330 380 430

S,=S; triaxial stress states S1
normal stress (c,) [MPa]

Figure 4 Mohr circle diagrams representing the stress state at failure for samples NLW-GT-01-14 and NLW-GT-01-15,
deformed in axial compression. Two (end member) cases are shown, assuming full or no saturation of pores. A typical stress
state at ~4 km depth in the Netherlands is indicated for reference (normal faulting regime with S1=S,, S2=Stmax, S3=Shmin and
ASy/AZ =22 MPa, AShmin/AZ = 16 MPa, Shmin/Stmax = 0.9). See text for further details and meaning of symbols.
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5. Discussion

Fatigue hydraulic fracturing involving cyclic increase and decrease of fluid injection rates has been
suggested to lead to lower formation breakdown pressure and enlargement of the fracture disturbed
zone (Kiel 1977; Zang et al. 2013). It may be beneficial to reservoir stimulation as the likelihood of
inducing seismicity may decrease, while reservoir permeability and associated reservoir-to-well
connectivity may increase. Subcritical crack growth may be one of the controlling microphysical
processes that, if properly understood and quantified, can contribute to more efficient, low risk
stimulation of reservoir permeability by (1) reduction of injection rates and volumes required for
stimulation, (2) better optimization of stimulation, and (3) progressively increasing permeability and
flow rates during operation of geothermal doublets. This review of subcritical crack growth theory and
experiments on tight sandstones suggest that this process can contribute to permeability increase
during operation of geothermal doublets, but its efficiency for enhancing permeability of geothermal
reservoirs remains unclear.

This study provides the first data on both tensile and shear failure of the tight Triassic sandstone
targeted by the Trias Westland project in the Netherlands. The hydro-mechanical properties of the
sandstone, as determined in laboratory experiments, suggest that this reservoir is too tight to be
considered for geothermal energy. Flow rates will be negligible unless the low reservoir permeability
is restricted to the near-well area or high permeability zones exist that can be connected to wells using
stimulation treatments. Disentangling the effect of subcritical crack growth in conventional triaxial
experiments on rock materials is not straightforward. It requires detailed characterization of the hydro-
mechanical behaviour of the rock materials to identify deviations from conventional behaviour that
can be explained by subcritical crack growth. As subcritical crack growth theory depicts fracturing
behaviour that is dependent on time and pressure history, long term tests are required to demonstrate
effects of subcritical crack growth. Core samples of the reservoir rocks provide an excellent
opportunity to further study the effect of stimulation, including the effect of subcritical crack growth
on permeability and strength.

6. Conclusions

The following main conclusions are made by the current study:

1. The review of subcritical crack growth theory and experiments on tight sandstones suggest
that this process can contribute to permeability increase during operation of geothermal
doublets, but its efficiency in enhancing permeability of geothermal reservoirs remains
unclear.

2. The Triassic sandstone reservoir targeted by well NLW-GT-01 is relatively stiff and strong
sandstone with very low permeability as indicated by its moderate Young’s modulus (E = 12.9-
17.6 GPa), high cohesion (Sp = 50 MPa), estimated unconfined compressive strength (UCS =
198 MPa), and estimated lower bound to tensile strength (13.6-17.7 MPa).

3. The NLW-GT-01 dataset provides a first indication of the hydro-mechanical properties and
failure behaviour of this sandstone. Further experiments should be performed to identify time-
and pressure history dependence of failure strengths, and to demonstrate the effect of
subcritical crack growth on permeability and strength.

4. Subcritical crack growth may contribute to more efficient, low risk stimulation of reservoir
permeability by (1) reduction of injection rates and volumes required for stimulation, (2) better
optimization of stimulation, and (3) progressively increasing permeability and flow rates during
operation of geothermal doublets.
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