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ABSTRACT
Subsurface permeability is typically enhanced in current EGS developments by injecting high
volumes of fluid at pressures that will open pre-existing natural fractures or weaknesses in the
rock. A few existing stimulation technologies that do not use water have been developed and
applied with some success. These technologies include pneumatic or compressed air fracturing,
propellant fracturing, and explosive fracturing. However, given the limitations of existing
technologies, alternative technologies must still be discovered to cost effectively stimulate
geothermal resources in a controlled manner, without the use of high volumes of fluids. One
promising technology is percussion fracturing.
We investigated the use of advanced percussion fracturing technology to stimulate and enhance
permeability in hot rock for EGS development without large water volume usage. A preliminary
review and characterization of the fundamental rock mechanical processes associated with
percussion fracturing was first studied. Next, a 3D numerical model was developed for the
percussion drilling process to study the impact of dynamic stress waves generated by percussion
drilling at the borehole face. This leads to estimates of the damage and fracture extent away
from the wellbore, as a function of input energy and relative application of dynamic shear and
compression loading at the wellbore. Our preliminary research results show that permeability
improves in the near wellbore region. We conclude that this novel stimulation technique can
enhance the feasibility for application of EGS, thereby supporting the growth of a renewable,
clean energy technology while increasing our domestic energy production.
1. Introduction
With continued research and advancements in technology, Enhanced Geothermal Systems (EGS)
have the potential to produce an additional 100 gigawatts of clean, renewable energy for our
nation (MIT-led interdisciplinary panel, 2006; Panel, 2006). New technology is essential to
improve subsurface permeability and fluid flow while reducing environmental impacts
associated with geothermal resource development. Current stimulation techniques for EGS often
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require the injection of very large volumes of water to develop a fracture network (i.e. hydraulic
stimulation). Such large scale water use for EGS stimulation is costly and places environmental
strain where water resources may be limited. Well-engineered stimulation techniques that
reduce or eliminate the use of water are critical for enabling the commercial deployment of EGS
as they would improve cost management and mitigate environmental impact.
Percussion fracturing holds a number of significant advantages over alternative stimulation
technologies, including those which do not use high volume water. These advantages include,
but are not limited to:
1. Can be applied to generate shear stress waves and fractures from the wellbore. Due to
translation of the fracture faces, shear fractures generally remain more open and provide
higher conductivity than un-propped tensile fractures;
2. Can be applied during the drilling process at any point and at multiple points along the
advancing well, reducing time and cost for separate completion operations and multiple
trips;
3. Can be applied with variable and precisely controlled energy and power; and,
4. Is applied exclusively with downhole equipment, driven by either mud or air hydraulics,
eliminating the need for extensive surface equipment and facilities.
Although percussion drilling and combined percussion and rotary drilling has not made it to an
economically established method in deep geothermal drilling, it has been recommended for reevaluation due its potential for high penetration rates (Finger and Blankenship, 2011).
In our research, we addressed how failure under percussive loading propagates in the vicinity of
the bottom hole, how different loading conditions change the failure propagation behavior and
how to relate a failure to new improved permeability in the area of failure.
The objective of this research effort is to develop and model advanced percussion fracturing
technology which can significantly reduce or eliminate large volume water usage, while still
stimulating the geothermal reservoir for increased heat production in a cost-effective manner.
We reviewed the fundamental rock mechanical processes associated with percussion fracturing.
Next, a 3D numerical model is developed for the percussion drilling process to study the impact
of dynamic stress waves generated by percussion drilling at the borehole face. Finally,
sensitivity analysis varying loading conditions, rock properties and in-situ conditions was
performed.
2. Analytical Models for Rock Failure/Damage Mechanism and Enhanced Permeability
Induced by Percussion Drilling
A main condition of percussion drilling is to have the drill bit impact speed high enough to
overcome rock strength. With high impact speed and short contact time, the drill bit can produce
much higher impact force along the direction of bit movement. When the force exceeds rock
compressive strength, it crushes the rock below the bit and creates fractures. The kinetic energy
is transferred by means of a stress wave through the drill bit, until it reaches the end in contact
with the medium to produce failure and fractures of rocks (Lindqvist and Svensk
Kärnbränslehantering, 1994) and (Chiang and Elías, 2008). A changed or enhanced permeability
can be achieved from these failed zones. An analytical model for percussive fracturing
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mechanisms, based on the failure criteria defined from current and previous works (Bruno et al.,
2005) and (Han et al., 2005), is used to evaluate permeability change in stiff rock under
geothermal conditions.
2.1 Failure and damage mechanisms
In general, three failure mechanisms describe rock damage and failure during its post-yield state:
1) rock crushing and fracturing by compressive bit load; 2) rock failure due to excessive tensile
forces; and, 3) rock fatigue by repetitive compression-tension type loading. Corresponding to
each mechanism, three rock failure criteria have been defined to determine where and how the
rock fails during percussive drilling:
• Critical compressive strain criteria (ε p ).
compressional strain in the loading direction;

It states when rock fails due to excessive

• Critical shear plastic strain criteria (ε ps). It states whether rock experiences shear failure; and,
• Tensile failure. This type of failure most likely occurs during bit retreat from the impact, when
rock has experienced maximum compression and starts to partially retrieve its deformation. The
rock will fail if minimum principal stress (σ 3 ) is beyond tensile strength (σT):

σ3 > σ T

Equation 1

The rock is assumed to completely lose its ability to support further loading after failure. In
general, ductile materials fail in shear, whereas brittle materials fail in tension. Hot stiff rock
(i.e. granites) have been known to vary from brittle material to ductile material under geothermal
conditions (> 150 MPa, 200 C) (Zhao, 1994).
Damage mechanics is the best available theory for repeated compressive and shear loading due
to its capacity to remember damage history, compared to conventional fracture mechanics that
mostly focus on the initiation and propagation of a single fracture under constant loading
conditions. With introduction of an internal state vector, which represents permanent damage
evolution in the rock, Helmholtz and Clausius-Duhem relationships are developed in a form of
(Cheng and Dusseault, 2004):

  f ( E, ,  ij , Dn )

Equation 2

where D n is a set of damage vectors whose increment is related to the local void density. Both
parameters (v, ) and Young’s modulus (E) can be linked to the damage vectors. For detailed
description of this linkage and the damage vector we refer the reader to (Wang et al., 2011), (Zhu
and Tang, 2004), (Lemaitre, 1985) and (Dong and Chen, 2018)
2.2 Failure model to improve permeability
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During the percussive drilling process, both rock cohesive strength and tensile strength change
based on the applied rock constitutive model, once the peak loading stress reaches rock peak
strength. The permeability, K, changes as a function of the damage vector, D:

Equation 3

K = f(D)* K0

where K0 is the initial permeability. The damage vector includes aspects of tensile failure, shear
failure and total plastic strain failure.
Two empirical approaches for such permeability change function are presented. The first
approach is based on Cappa and Rutqvist (2011) for an isotropic elasto‐plastic model, that relates
the permeability to volumetric strain by using a model first developed and applied by (Chin et
al., 2000) for modeling permeability changes in petroleum reservoirs. Cappa and Rutqvist (2011)
noted that by relating the permeability to porosity and volumetric strain, a consistent
permeability correction for both elastic and plastic mechanical behavior is enabled. The new
permeability, k, is given as:

Equation 4

where  is the porosity at a given stress,  i is the initial porosity, εv is volumetric strain, ki is the
initial permeability, and n is a power‐law exponent.
The other approach is after Zhao (1994), with a simple formula to relate the fracture permeability
(kf) and the effective normal stress (σ’ n) in a logarithmic equation:

[

]

Equation 5

where k0 is the permeability at a referenced effective normal stress σ0’, and B is a constant
ranging from 0.14 to 0.23. The strain failure criterion is included in this permeability change
function indirectly, since the strain is related to the effective stress.
3. Numerical Simulation of Percussion Fracturing
The analytical characterization and insights gained from the efforts in this research project and
summarized above have been used to help develop a 3D numerical model for percussion loading
and other energy input processes.
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Special constitutive models and iterative solution schemes were developed to account for
progressive damage and fracturing under dynamic stress conditions. Both linear and non-linear
dynamic tensile and shear fracture behavior were characterized and modeled with progressive
damage and failed element behavior. We have also developed a range of constitutive material
models for reservoir rock to capture failure processes consistent with laboratory triaxial test data
and data in the field.
The developed numerical models have been utilized to evaluate rock in-situ conditions on the
percussion technique for varying downhole tool operational parameters, such as tool input
energy and resonant frequency. This sensitivity study allowed us to evaluate optimum operation
parameters and rock in-situ conditions for the percussion tool process to enhance permeability in
the near borehole area.
Each numerical modeling has been summarized and presented in the following sections.
3.1 Numerical Model Configuration and Setup
A 3D-geomechanics wellbore scale model was developed to investigate the use of advanced
percussion fracturing technology to stimulate and enhance permeability in hot stiff rock for EGS
development in a naturally fractured reservoir. The conceptual model of the 3D-geomechanical
model used for the numerical modeling investigation is shown in Figure 1.
The numerical model is developed using a finite difference program (Itasca Consulting Group,
2012). The dimensions of the model are 12 m by 12 m wide and 21 m tall. The borehole is
located at a depth of 3000 m from the surface and has a hole size of about 35.7 cm. The
borehole is placed as a 3 m hole starting from the top center of the model downward. The
smallest zones around the borehole in the xyz-direction have the dimensions of 8.8 cm x 8.8 cm
x 8.8 cm. The total number of elements in the mesh is 910,272. Fracture elements surrounding
the rock matrix elements are generated to represent a naturally fractured reservoir as shown in
Figure 1 (close up view). An unfractured reservoir geomechanical model was also developed
and investigated for the sensitivity study.
Geothermal reservoir in-situ conditions for hot stiff rock (i.e. granites) were considered in our
study. A constant temperature of 200 C and a low intrinsic permeability of 1E-19 m^2
(1E-4 mD) were implemented. Porosity of 1 % and a fully saturated formation was assumed.
Reservoir fluid density was set at 1,000 kg/m^3 with fluid bulk modulus of about 1.1 GPa at
200 C.
In-situ stress conditions were determined and implemented for baseline scenarios as such: Shmin
(Sxx) of 15.83 MPa/km, SHmax (Syy) of 15.83 MPa/km and Sv (Szz) of 22.6 MPa/km. At
3000 m below the surface, the corresponding stress magnitudes from the stress gradients were
47.5 MPa in the horizontal directions and 67.9 MPa in the vertical direction, respectively.
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Figure 1. (Left) 3D-geomechanics conceptual model. (Right) Close-up view of borehole. The geomechanical
model is in meters. Fractured formation elements were noted in light green and rock matrix elements
are noted in light gray.

Applied stress boundary conditions equal to in-situ stress conditions were assigned to all sides of
the model including the walls of the borehole. The bottom of the model had a roller boundary
condition applied in the normal direction. The model was initialized with hydrostatic pressure of
about 10 MPa/km; it was set to constant pressure at the boundaries. The corresponding pore
pressure at 3000 m depth is about 30 MPa. A summary of input parameters for the
geomechanical model is presented in Table 1.
In a first step, the model was run to mechanical equilibrium. This established the in-situ
conditions in the far field and the local stress concentration around the well bore wall.
No damping of the tool impact energy was implemented as the wave energy traveled through the
formation material in our geomechanical study. However due to the nature of finite numerical
model size and dimension, quiet (viscous) boundary conditions around all sides of the
geomechanical model were applied to absorb most of the excess energy or model boundary
energy reflections that were generated from the impact energy.
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Table 1. Input parameters for 3D-geomechanics model.

Bottom Hole
Diamete Dept
r (cm)
h (m)
35.7

3000

Hydrostati
c Pore
Pressure
(MPa/km)
10.2

Intrinsic
Permeabilit
y (m^2)

Porosit
y (-)

In-situ
Temperatur
e (°C)

1e-19

0.01

200.0

In-situ Stresses
sV
sH
Sh
(MPa/km (MPa/km (MPa/km
)
)
)
22.62
15.83
15.83

3.2 Constitutive rock material models
Rock material models of Mohr-Coulomb type with strain-softening behavior have been
developed for the 3D-geomechanical model to be consistent with observed rock material
constitutive behaviors in laboratory core experiments and field data for hot stiff rocks
We reviewed published laboratory core measurements of typical deep geothermal reservoirs
from (Zhao, 1994) (Lutz et al., 2010), (Bauer et al., 2016), (Zhu, 2012), (Selvadurai et al., 2005),
(Schaefer et al., 2015) and (Ye et al., 2017). Based on that, we came up with a baseline rock
material model as shown Table 2. The mechanical properties such as Young’s Modulus,
Poisson’s ratio, material strengths were selected for a typical crystalline formation (i.e. granite).
We used the Mohr-Coulomb type material with strain-hardening and strain-softening behavior
that can be controlled by cohesive strength and tensile strength tables, as shown in Table 3.
This implementation of a Mohr-Coulomb type material model with strain-softening behavior
forms the basis and describes when and how rock experiences softening and failure.
Fatigue/damage algorithms and tables were developed to help update rock properties (e.g.
cohesive strength and tensile strength) due to strain changes based on cyclic loading or stress
wave transmissions through the rock medium. During plastic accumulation, after reaching the
critical shear or tensile yield strengths, the material either fails in shear or tension. Upon further
material failure when passing the peak strength, the rock is assumed to lose its ability to support
further loading but still has very low residual strength (~ 5 MPa).
Table 2. Material properties for baseline matrix rock* formation.

Young’s
modulus
(GPa)
40.0

Poisson’s Friction
Shear
Unconfined Tensile Unconfined Density
ratio (-)
angle Strength Compressive Strength
Tensile
(kg/m3)
(deg)
(MPa)
Strength
(MPa)
Strength
(MPa)
(MPa)
0.2
35.0
44.8
185.0
13.8
17.2
2306.0

*Baseline Fracture Rock Properties (Stiffness and Strength) are one tenth of Matrix Rock
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Table 3. Strain hardening/softening cohesion table and tension table for baseline matrix rock.

Strain (-)
Cohesion (MPa)

Strain (-)
Tension (MPa)

0
44.83

0
13.79

Cohesion Table
1x10
2x10-3
3x10-3
-3

46.9

48.28

44.83

Tension Table
5x10-4 1x10-3 1.5x10-3
15.86

17.24

13.79

1x10-2

3.9x10-2

4x10-2

24.14

22.76

4.83

2.6x10-3

8x10-3

6.21

5.52

Using the mechanical properties selected for Baseline rock type, Figure 2 shows the
corresponding stress-strain curves under unconfined and confined triaxial compression
conditions for the baseline rock matrix formation. Fracture formation stiffness and strength
properties (cohesion and tension) were assumed to be one tenth of the rock matrix stiffness and
strength properties.
Variations in material parameters with corresponding stress-strain curves for rock property
sensitivity were performed to evaluate borehole failure and fracture extension.
Rock material types for High Strength and Low Strength were also established for
geomechanical model analyses. The High Strength and Low Strength cohesions were
determined to be about 70 MPa and 20 MPa (~ 55 % from the Baseline of 44.8 MPa),
respectively. Likewise, the High Strength and Low Strength tensile strengths were determined to
be 21 MPa and 7 MPa (~ 50 % from the Baseline of 13.8 MPa), respectively. The internal
friction angle remained at 35 degrees. The selected mechanical properties were within the upper
and lower limits of published data for stiff rocks (i.e. granite).
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Figure 2. Stress-strain material behavior plots for baseline matrix rock during tri-axial unconfined
compression test and at 40 MPa confinement.

Additionally, constitutive material types for High Ductile and Brittle rocks were developed for
matrix rock and fractured formations. The stiffness properties: Young’s Modulus and Poisson’s
ratio were changed from 40 MPa and 0.20 (Baseline) to 20 MPa and 0.30 (High Ductile) and to
60 MPa and 0.15 (Brittle). The internal friction angles were also updated from 35 degrees at
Baseline conditions to 30 degrees for High Ductile conditions and to 40 degrees for Brittle
conditions. The resulting stress-strain curves were updated accordingly and consistent with
published data for highly ductile rocks and brittle rocks.
Research has shown that hot stiff rocks (i.e. granites) are known to vary from brittle material to
ductile material under geothermal conditions (> 150 MPa, > 200 °C). Rock laboratory studies
under geothermal conditions have observed that elevated rock temperature decreases the strength
of rock material and increases the ductility of the rock during plastic deformation. Lab results
obtained by (Zhao, 1994) through tests on the Carnmenellis granite have shown that increasing
the sample temperature from 20 to 200 °C, uniaxial compressive strength can be reduced to 40%.
In general, because of the material plasticity failure behavior, ductile materials tend to fail in
shear, whereas brittle materials tend to fail in tension.
Our derived mechanical property parameters with their series of stress-strain curves have
matched available laboratory data quite well for core samples of hot stiff rocks.
4. Results and Discussion
The 3D numerical model developed is applied for different dynamic loading conditions. The
first set of loading conditions includes hammer pulse, rotary shearing, and sinusoidal percussion
– Sim-1A to Sim-1C. Additional set of simulations are also implemented: the maximum

Lao et al.
amplitude of the sinusoidal wave was varied, the loading rotary shear and percussion were
combined and different frequencies were applied to the input wave (Sim-1D to Sim-1G), as
shown in Table 4. Parametric studies for varying rock property and in-situ conditions are also
evaluated, as presented in Table 5. In the following sections, because of the significance
modeling effects and results produced for the each of the sensitivity studies in this research
project, only the detail description of the results and discussion of the Baseline Model (Sim-1C)
and is presented as an example study. However, a summary of the results and discussion for all
the varying loading conditions, rock properties and in-situ conditions will be described.
As described previously, the dynamic stress waves generated by loading conditions applied at the
borehole face allowed us to estimate the damage and fracture extent away from the borehole, as a
function of input energy and relative application of dynamic shear and compression loading at
the wellbore.
Table 4. Simulation matrix for varying impact loading conditions and resonant frequency.
Impact Loading Variation

Model

Simulation #

Loading Type
Hammer Pulse
Rotary (Max
Max
Shear Stress)
Amplitude **

Sinusoidal
Percussive
Amplitude

Sinusoidal
Percussive
Frequency

Pulse Impact

Sim-1A

300 MPa

0

N/A

N/A

Rotary Impact

Sim-1B

N/A

60 Mpa

N/A

N/A

Baseline - Percussion

Sim-1C

N/A

N/A

300 MPa

50 Hz

High Amplitude Percussion

Sim-1D

N/A

N/A

450 MPa

50 Hz

Combined Percussion-Rotary

Sim-1E

N/A

60 MPa

300 MPa

50 Hz

Low Percussive Frequency

Sim-1F

N/A

N/A

300 MPa

35 Hz

High Percussive Frequency

Sim-1G

N/A

N/A

300 MPa

75 Hz

** Pulse at 0.02 sec period
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Table 5. Simulation matrix for varying rock property and in-situ conditions.
In-Situ Conditions and Rock Material Properties Variations

Model

Baseline - Percussion

Sim-1C

In-Situ Stress Mag Ratio

Sim-2C

Stress Anisotrophy

Sim-3C

High Strength Rock

Sim-4C

Low Strength Rock

Sim-5C

High Ductile Rock

Sim-6C

Brittle Rock

Sim-7C

Un-Fracture Rock

Sim-8C

Matrix Rock Strength
Properties

Stress Anisotrophy

Simulation #

Cohesive
Strength

Fracture
Rock *

Tensile
Strength

Ductility

Yes/No

V

H

22.6 MPa/km
(67.9 MPa)

15.8 MPa/km
(47.5 MPa)

15.8 MPa/km
44.8 MPa 13.8 MPa
(47.5 MPa)

Ductile

Yes

24.89 MPa/km 15.8 MPa/km
(74.7 MPa)
(47.5 MPa)

15.8 MPa/km
44.8 MPa 13.8 MPa
(47.5 MPa)

Ductile

Yes

22.6 MPa/km 27.15 MPa/km 15.8 MPa/km
44.8 MPa 13.8 MPa
(67.9 MPa)
(81.5 MPa)
(47.5 MPa)

Ductile

Yes

22.6 MPa/km
(67.9 MPa)
22.6 MPa/km
(67.9 MPa)
22.6 MPa/km
(67.9 MPa)
22.6 MPa/km
(67.9 MPa)
22.6 MPa/km
(67.9 MPa)

15.8 MPa/km
(47.5 MPa)
15.8 MPa/km
(47.5 MPa)
15.8 MPa/km
(47.5 MPa)
15.8 MPa/km
(47.5 MPa)
15.8 MPa/km
(47.5 MPa)

h

Rock Plasticity

15.8 MPa/km
70 MPa 21 MPa
Ductile
(47.5 MPa)
15.8 MPa/km
20 MPa
7 MPa
Ductile
(47.5 MPa)
15.8 MPa/km
44.8 MPa 13.8 MPa Increase Ductility
(47.5 MPa)
15.8 MPa/km
44.8 MPa 13.8 MPa Decrease Ductility
(47.5 MPa)
15.8 MPa/km
44.8 MPa 13.8 MPa
Ductile
(47.5 MPa)

Yes
Yes
Yes
Yes
No

* Fracture Rock Stiffness & Strength Properties are 1/10th of Matrix Rock Properties

4.1 Baseline model borehole failure and fracture extension model results and discussion
The detail results and discussion of the investigation of borehole failure and fracture extension
due to percussive sinusoidal wave energy input of maximum 300 MPa, Baseline Model
(Sim-1C), is presented. The sinusoidal compressive wave had a frequency of 50 Hz or a period
of 0.02 sec, similar to the hammer pulse loading and reported frequencies in the literature
(Sapińska-Śliwa et al., 2015). After initial model equilibrium is established, a total of five cycles
were evaluated for damage and fracture extent away from the borehole. When the impacting
stress was equal or above the strength of the material, the material failed in shear upon reaching
the shear strength or in tension upon reaching the tensile strength. Plastic strain and damage
accumulated after reaching these critical points.
Figure 3 presents the history of vertical compressive stress (zz) over time monitored at the
bottom surface (blue line) and at 1 m below the borehole for the Baseline Model (orange line),
Sim-1C. The jump in stress from the nominal stress observed before reaching peak amplitude of
the loading showed that the rock formation failed beneath the borehole upon loading. Again, the
rock failed in the next cycle upon approaching the peak amplitude (~ 0.03 sec). An equivalent
vertical displacement of about 2.3 cm into the rock formation was observed during this initial
penetration, and with additional penetration up to 2.5 cm maximum at subsequent cycles, as
shown in Figure 4. The plotted history of accumulated plastic shear strain reaching the
maximum of approximately 2.3% and less than 1% of plastic tensile strain (not shown) at the
bottom of the borehole induced by the sinusoidal percussive loading is presented in Figure 5. As
observed in the plot, the plastic strain was accumulated when subjected to cyclic loading, causing
rock fatigue, which induced a reduction of the strength properties.
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Figure 3. Plotted history of vertical stress (Pa) at base
of borehole and 1 m below the borehole
subjected to sinusoidal percussive compressive
loading (Sim-1C).

Figure 4. Plotted history of vertical displacement (m)
at base of borehole and 1 m below the borehole
subjected to sinusoidal percussive compressive
loading (Sim-1C).

Figure 5. Plotted history of accumulated plastic shear strain at base of borehole subjected to sinusoidal
percussive compressive loading (Sim-1C).

The induced vertical compressive stress ( zz) at initial peak amplitude due to sinusoidal
percussive loading were analyzed and presented in Figure 6. A maximum contour of about
310 MPa was seen immediately below the borehole at peak loading, with radiating stress wave
propagation as shown in the plot. After each unloading and stress relaxation, the surrounding
induced residual stress profile remained in the range of about 35 to 94 MPa. These impact
stresses were enough to overcome the shear strength and tensile strength of the rock properties.
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Figure 6. Contour plot of vertical stress (Pa), xzsection view of szz, at peak amplitude (at
0.01 sec) subjected to sinusoidal percussive
compressive loading (Sim-1C).

Figure 7. Contour plot of horizontal shear stress (Pa),
xz-section view of sxz, at peak amplitude (at
0.01 sec) subjected to sinusoidal percussion
compressive loading (Sim-1C)

Figure 7 shows the corresponding induced horizontal shear stress (xz) at initial peak amplitude
due to sinusoidal percussive loading. Maximum induced horizontal shear stresses at peak
magnitude of about 50 MPa was seen almost a meter below the borehole. These induced shear
stresses were approaching the in-situ shear strength (~ 57 MPa) at 3,000 m depth but exceeded
the tensile strength (~ 14 MPa) of the rock properties.
Lastly, the induced failure state of rock formation elements due to sinusoidal percu ssive loading
are presented in Figure 8. There are a total of 1596 failed elements from both shear and tension.
The farthest horizontal radial extent of failure is about 0.85 m and the deepest failed elements are
about 1.26 m.

Figure 8. Contour plot of damage/failed elements, 3D isometric view of failure state, at the end of five cycles
(at 0.1 sec) subjected to sinusoidal percussive compressive loading (Sim-1C).

The permeability changes based on rock failure/damage and stress/strain changes is the
prominent objective of this research. So next we applied two empirical approaches to compare
permeability enhancement based on rock failure and fracture generations. The first approach is
based on Cappa and Rutqvist (2011), plotted in Figure 9; the other approach is after Zhao (1994),
shown in Figure 10, as their detail solutions are described in the analytical model chapter.
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When using the Cappa and Rutqvist (2011) method, the model shows an increase in permeability
of up to 10% (from initial 1.0E-4 mD to 1.1E-4 mD). The majority of the failed elements (>
60%) enhance reservoir permeability. Other rock failure regions (< 40%) that have very high
induced compressive stresses resulted in a decrease in permeability, as the rock material
compressed and effectively decreased fluid flow pathways.
When using the empirical method for permeability change based on rock failure by Zhao (1994),
we see an increase in permeability of up to 1.1E-4 mD (increase of more than 20%), though with
very different induced permeability distribution from Cappa and Rutqvist (2011). Using this
relationship, only 44% of the failed elements improve their permeability, while 56% of failed
elements showed lower permeability compared to the initial one.
It is important to note that (Zhao, 1994) and Cappa and Rutqvist (2011) laboratory experiments
and developed permeability empirical estimations were not performed under both high pressure
(> 150 MPa) and high temperature (> 200 C) geothermal conditions for stiff rocks. Due to the
unavailable accepted theory and the wide range of empirical solutions to estimate permeability
changes due to percussive drilling, it is prudent that laboratory experiments are conducted under
geothermal conditions for percussive drilling. Known relationships of rock damage, fracture
generations, and stress evaluation changes or volumetric changes to permeability enhancement
can be carefully studied.

Figure 9. Contour plot of permeability enhancement
after loading sequences based on Cappa and
Rutqvist (2011), xz-section view.

Figure 10. Contour plot of permeability enhancement
after loading sequences based on Zhao (1994),
xz-section view.

4.2 Summary results of numerical models
The evaluation of borehole failure and fracture extension from different loading conditions, rock
properties and in-situ conditions are summarized below. A maximum vertical and lateral
extension of the rock fracture, for the conditions tested to date, ranges from 1 to about 10
borehole diameters away from the well bore. This would be considered the near well bore
region. Enhancement of near wellbore permeability can play a crucial role in a) regaining initial
near wellbore permeability that might have been reduced by drilling operations itself (drill
cuttings or mud clogging feed zones) or b) opening hydraulic connections to naturally permeable
ones, which were not intersected by the well path – see also (Huenges, 2010). Both phenomena
basically increase the effective wellbore radius.
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4.2.1 Summary of compressive and shear loading impact on bottom hole
Table 6 shows the summary for different loading impacts. The maximum number of failure
elements (7430 failure count) and deepest penetration depth of about 2.49 m is observed with
hammer pulse impact (Sim-1A). Rotary shear loading has the least number of failures (208
counts) and lowest penetration depth with about 0.53 m compared to other loading type.
Sinusoidal percussive loading shows about 20% of induced rock failure (1596 failure count)
compared to the hammer pulse impact, and about 50% of the penetration depth (1.26 m).
Since sinusoidal percussive impact is the most applicable for hard rock drilling application, this
type of loading condition served the baseline scenario for the numerical study. Varying scenarios
and simulations are varied from this baseline model with different loading conditions, rock
properties and in-situ conditions for sensitivity analysis.
Table 6. Compared compressive and shear loading impact results.

# of total failure
deepest vertical failure (m)
deepest horizontal/radial failure (m)
deepest failure (m)
values after (s)

Sim-1A
Pulse Impact
7430
2.47
1.55
2.49
0.1

Sim-1B
Rotary Impact
208
0.35
0.50
0.53
0.1

Sim-1C
Baseline - Percussion
1596
1.26
0.85
1.26
0.1

4.2.2 Summary of different input energies and frequencies
The evaluation of borehole failure and fracture extension from different input energies and
frequencies are summarized in Table 7. When peak amplitude percussive loading was increased
from 300 to 450 MPa (Sim-1D), we observed an increase in the number of failed elements from
1596 to 10326, respectively. The fracture/damage extension was also evident, from 0.85 m in
the lateral direction and 1.26 m in the vertical direction, to 1.94 m and 2.56 m, respectively. A
reasonable increase in the total element failure counts and fracture extension was expected when
combining percussive loading with rotary shear loading, with up to 4207 failed elements (over
160% increase) and with fracture extension of 1.17 m laterally (~ 38% increase) and 1.56
vertically (~ 24% increase).
Sensitivity to lower and higher percussive frequencies were analyzed in Sim-1F and Sim-1G.
The lower percussive frequency model (35 Hz) had slightly lower failure zones, 1307 compared
to 1596 in the Baseline model (50 Hz), and shorter fracture extension of 1.16 m compared to
1.26 m vertically. Horizontal fracture extension is about the same at 0.85 m. The higher
percussive frequency model (75 Hz) naturally has higher failure zones and fracture extension.
There are a total 2041 failure counts and damage extended 0.94 m laterally and 1.48 m vertically.
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Table 7. Comparison of different input energy and frequency results.

# of total failure
deepest vertical failure (m)
deepest horizontal/radial failure (m)
deepest failure (m)
values after (s)

Sim-1C

Sim-1D

Sim-1E

Sim-1F

Sim-1G

Baseline Percussion

High
Amplitude
Percussion

Combined
Percussion
-Rotary

Low
Percussive
Frequency

High
Percussive
Frequency

1596
1.26
0.85
1.26
0.1

10326
2.56
1.94
2.56
0.1

4207
1.56
1.17
1.56
0.1

1307
1.16
0.85
1.21
0.14

2041
1.46
0.94
1.48
0.07

4.2.3 Summary of different rock properties and in-situ conditions
The summary of the results of the different rock properties and in-situ conditions sensitivity
study is presented in Table 8. For the case when in-situ stress magnitude ratio of vertical to
horizontal stress (σv /σ H) – assuming isotropic horizontal stresses – from 1.0/0.7 (Baseline: Sim1C) to 1.1/0.7 (Sim-2C), i.e., increase in state of rock in-situ shear stresses, we observed a
greater number of shear and tensile failures (2191 compared to 1596) and further da mage zones
or fracture extension (0.93 m horizontally and 1.59 m vertically). Furthermore, if there is
additional stress anisotropy in the horizontal stresses (Sim-3C), more damaged zones (4256 total)
and extended fractures were created (1.44 m and 2.44 m, respectively).
Sensitivity to rock strength properties (cohesion and tension) were also evaluated for borehole
failure and fracture extension. The relatively High Strength rock (Sim-4C) obviously results in
less rock failure of 768 (~ 52% less than Baseline) with limited fracture extension (~ 70%
horizontally and 94% vertically compare to Baseline rock properties). The Low Strength rock
(Sim-5C) resulted in much more rock failure of 23,277 (compare to 1596 for Baseline rock) and
longer fracture extension (2.46 m and 3.08 m, horizontally and vertically) after half a circle of
impact loading.
Ductility and brittleness of the rock were evaluated next for borehole failure and rock damage.
Both the more ductile rock (Sim-6C) and brittle rock (Sim-7C) resulted in more borehole damage
and slightly further fracture extension when compared to the Baseline rock. The more ductile
rock model resulted in more rock damage because of the slightly lower yield and peak strength
when compared to Baseline rock, this enabled the rock to fail more and earlier during initial
loading. Moreover, the High Ductile rock damaged zone distribution was more scattered and the
fractures were less smooth when compared to the Baseline rock and Brittle rock. The Brittle
rock damage zones were highly concentrated and induced fractures were smoother.
Finally, when the borehole had no surrounding natural fractures, the observed failure elements
and fracture extension was almost non-existent with the applied percussive load of 300 MPa.
The damage zones extension were limited (< 0.5 m) to right below the borehole bottom surface.
Table 8. Comparison of results based on different rock properties and in-situ conditions.

Sim-1C

Sim-2C

Sim-3C

Sim-4C

Sim-5C

Sim-6C

Sim-7C

Sim-8C
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Baselin
ePercussi
on
# of total failure 1596
deepest vertical 1.26
failure (m)
deepest
0.85
horizontal/radial
failure (m)
deepest failure 1.26
(m)
values after (s)
0.1

In-Situ
Stress
Mag
Ratio
2191
1.56

Stress
Anisotro
phy

High
Strength
Rock

Low
Strength
Rock

High
Ductile
Rock

Brittle
Rock

UnFracture
Rock

4256
2.44

768
1.16

23277
3.08

3777
1.87

3024
1.56

128
0.35

0.94

1.44

0.59

2.46

1.37

1.10

0.26

1.60

2.44

1.18

3.23

1.95

1.60

0.44

0.1

0.1

0.1

0.01

0.1

0.1

0.1

5. Conclusion and Future Development
In summary, with the developed 3D-geomechanical model to investigate borehole failure and
fracture extension to enhance geothermal reservoir permeability for varying tool input energy,
rock properties and in-situ conditions, the following conclusions are made.
For loading condition comparison, combined percussive-rotary input energy induces more rock
failures and fracture extension than the pure percussion or pure rotary loading. Maximum
vertical and lateral extension of the rock fracture, for the conditions tested to date, is about 10
borehole diameters away. Further analysis and tuning may be able to increase this effect. The
combined percussion and rotary drilling creates both tensile and shear fractures. The shear
fractures in particular are able to enhance permeability even after subsequent closure (without
the need for proppant). The higher percussive frequency results in higher rock damage and
fractured area extension, and the lower percussive frequency results in lower rock damage and
fractured area extension. Increases in peak amplitude loading (from 300 MPa to 450 MPa),
increases rock damage and fracture extension.
When comparing rock in-situ stress conditions, the increased in-situ stress magnitude ratio
(σv/σH), from 1/0.7 to 1.1/0.7 for example, increases rock damage and fractured area extension;
and the increased in-situ stress anisotropy (σv ≠ σ H ≠ σh) also increases rock damage and
fractured area extension.
For rock properties comparison, higher strength rock reduces rock damage and fractured area
extension, and vice versa, lower strength rock increases rock damage and fracture extension.
Ductility and/or brittleness of a rock can increase or decrease rock failure propagation depending
on the rock constitutive behaviors, and also the rock damage distribution and fracture patterns
can be different; i.e., ductile rock failures tend to be more scattered, whereas, brittle rock
fractures tend to be more sharp and smooth. Finally, naturally fractured rock formation with
lower stiffness and strength properties enables more rock damage and fracture extension when
compared to only stiff rock with no natural fractures.
We have demonstrated with this initial phase research that percussion-rotary drilling shows the
potential to damage rock in the near well bore zone. Beside loading conditions also the in-situ
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conditions play a crucial role in optimization of the application for best rock damage. To
quantify the change of permeability based on the induced rock damage further research is needed
that includes laboratory testing of undamaged and damaged rock samples, before going to the
field scale testing.
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