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a b s t r a c t

Borehole stability at high temperature and high in-situ stresses is the key to Hot Dry Rock geothermal
energy extraction. Upon drilling completion, borehole stability, its deformation and failure critical con-
dition will be significant in deep HDR engineering design and construction. Using high temperature and
high pressure servo-controlled triaxial rock testing machine, we performed experiments of borehole
deformation and instability for three granite samples (200 mm in diameter and 400 mm long with a
40 mm opening in the center) at different hydrostatic stresses and temperature. The elastic and creep
deformation data was analyzed. The results indicate that: 1) when the hydrostatic pressure is lower than
100 MPa and the temperature is below 400 �C, the specimens deform following the generalized Kelvin
model. The critical condition for borehole stability is reached at hydrostatic pressure of 125 MPa and
temperature of 500 �C, when creep deformation accelerates sharply. The failure mode is shear failure or a
combination of shear and tension failure. The critical radial deformation ratio is about 20%; 2) Creep
deformation at steady creep phase is derived based on the test data. The ultimate condition for drilling in
granite is analyzed in regards to temperature and in-situ stresses.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Hot Dry Rock (HDR) geothermal energy is mainly stored in
granite. To exploit HDR geothermal energy, we need a great amount
of drilling in granite, especially deep boreholes that are used to
form artificial reservoir mainly through hydraulic fracturing tech-
nologies [1e3]. For other applications such as searching oil and gas
resources, a lot of super-deep borings are located in the high
temperature and high stress rock. Such projects have been carried
out as Continental Scientific Drilling in more than ten countries,
such as Russia, Germany, United States, and China. In Russia, the
Kola SG-3 ultra-deep drilling at Kola Peninsula is 12262 m deep [4].
KTB-HB ultra-deep drilling in Germany is 9101 m deep [5]. Chinese
continental scientific drilling conducted from June 2001 to January
2005 is 5118.2 m [6]. The first drilling for extracting hot dry rock
geothermal energy at Fenton hill site in NewMexico is 4400m [7,8].
Successful deep drilling under high temperature and high stresses
is the key to explore energy and resources of the deep crust. At
room temperature, the development of intra-and trans-granular
5.
dilatant microcracks in crystalline granite leads to borehole insta-
bility in the form of breakouts [9]. However, the physical and me-
chanical properties in rocks will change with temperature such as
elastic modulus reduction [10], permeability enhancement [11],
and mechanical strength decrease [12]. As a consequence, prob-
lems arise related to the borehole deformation and stability under
high temperature and high stress, under which conditions, rock
mass may lose its strength and exhibit rheological behavior [13].

Because of temperature and stress corrosion effects at depth
[14], the drilling and completing cost is higher than that in oil and
gas industry [15,16]. And the necking deformation, instability, and
collapsing of boreholes in drilling always lead to a substantial in-
crease in drilling costs and the borehole maintenance costs, and
even sometimes prevent the project to be implemented [17].
Hence, in-depth study of borehole deformation and instability
critical conditions under high temperature and high stress is of
great scientific and engineering significance.

In this paper, the authors present the test results of granite rock
specimens using the 20 MN servo-controlled high temperature and
high pressure triaxial rock testing machine [18]. Three specimens
were tested under less than 600 �C and 150 MPa hydrostatic stress.
The deformation of the granite specimens, including elastic and
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Fig. 2. Optical borehole deformation observation instrument.
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creep deformation, was recorded and analyzed under steady and
critical conditions for instability destroy of borehole.

2. Rock specimen testing under high hydrostatic pressure and
high temperature

2.1. Experimental setup and monitoring equipment

The experimental setup shown in Fig. 1 has the following
parameters:

1) Maximum axial load: 10,000 kN;
2) Maximum lateral load: 10,000 kN;
3) Maximum axial pressure on rock specimen: 318 MPa;
4) Maximum lateral pressure on rock specimen: 250 MPa

(pseudo-triaxial confining pressure);
5) Maximum pore pressure: 250 MPa;
6) Specimen size: 200 mm � 400 mm;
7) Maximum drilling displacement: 450 mm;
8) Maximum drilling loading: 200 kN;
9) Maximum torque: 500 N m;

10) Maximum heating temperature: 600 �C;
11) Holding time of pressures: over 360 h;
12) Axial and lateral pressure offset: less than 0.3%;

The stress, deformation, pore pressure of inlet and outlet, tem-
perature, torque and other parameters can be automatically
recorded. The stiffness of the whole machine is greater than
9 � 1010 N/m.

The deformation of rock specimen and the borehole radial is
measured using high temperature displacement sensor combined
with static resistance strain gauge while temperature is under
240 �C. But the sensor cannot measure the displacement at the
temperature over 240 �C for the serious changes of resistance with
high temperature. So a specially designed optical instrument is
used to measure borehole deformation during testing under high
temperatures (seen in Fig. 2). Acoustic Emission (AE) is also
monitored and recorded during the testing.

2.2. Specimen preparation

The granite used in the testing came from Pinyi, Shandong prov-
ince inChina. It is also called “Luhui”granitedue to its characteristic of
grey color. The samples were taken 50mdeep from a project site and
contained no fractures. The three specimens were prepared as cyl-
inders of 200mm indiameter and 400mm long. The specimenswere
cut smoothly on all sides. A hole of 40 mm in diameter was drilled
Fig. 1. 20 MN servo-controlled triaxial rock testing machine.
along the cylinder axis of each specimen to simulate a borehole. The
prepared specimen is shown in Fig. 3. Drilling of the holes was care-
fully controlled to ensure their verticality and concentricity. There
were no apparent damages or fractures on any of the prepared
specimens. The average uniaxial compressive strength (UCS), tensile
strength, elastic modulus, and poisson's ratio of samples is 130 MPa,
18MPa,35GPa,0.25, respectivelyatnormal temperature. Themineral
composition is illite (25%), quartz (28%), feldspar (43%), calcite (1%),
siderite (1%) and others (2%), respectively. The percentages in the
bracket represent quality.

2.3. Testing procedure

The testing procedures are summarized as following:

1) Measure specimen height, diameter and the hole diameter.
2) Install a metal measuring rod in the middle point of the hole.

Also install lighting at the bottom of the hole.
3) Seal the specimen and start testing by increasing temperature

and hydrostatic pressure to the pre-determined values. The
increment is 3e5 �C per hour for temperature.

4) At each pre-determined temperature (200, 300, …, 600),
maintain the temperature and all-around pressure and contin-
uously record the axial and radial deformation of the specimen
as well as loading and temperature.

5) Measure borehole deformation every hour using the optical
borehole deformation observation instrument.
2.4. Testing results of specimen 2

It is expected that the HDR geothermal energy resource explo-
ration and other deep underground projects involve the high
Fig. 3. Granite specimen.



Table 1
Experimental schedule and deformation characteristics of specimen 2.

Duration/hour Temperature/�C Hydrostatic
pressure/MPa

Deformation
of borehole

Axial
deformation

0e20 RT-200 �C 12.5 Steady creep Steady creep
20e38 25 Steady creep Steady creep
28e77 *200 �C 25 Steady creep Steady creep
77e125 50 Steady creep Steady creep
133e178 *250 �C 50 Steady creep Steady creep
188e230 *300 �C 75 Steady creep Steady creep
250e275 *400 �C 100 Steady creep Steady creep
275e290 400e500 �C 125 Less thermal expansion effect,

weakening plays a dominant role
290e330 *500 �C 125 Steady creep-accelerated

creep-failure

RT denotes room temperature; the sign* denotes constant temperature.

Fig. 4. Total axial displacement due to thermal and stress vs. time of sample 2.

Fig. 5. Borehole deformation due to thermal and stress vs. time of sample 2.

Fig. 6. Total axial deformation due to thermal and stress vs. time of sample 3.
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temperature and high stress properties of rock mass. In addition,
the in-situ stresses state in deep rock mass are close to hydrostatic
[19]. The testing presented herein is designed to be under hydro-
static pressures. Given rock mass unit weight of approximate 2.5 g/
Table 2
Experiment schedule and deformation characteristics of specimen 3.

Duration/hour Temperature/�C Hydrostatic pressure/M

0e21 RT to 500 �C 12.5
21e30 25
30e78 *500 �C 125
78e125 *500 �C 150

125e135 500e600 �C 150

RT denotes room temperature; the sign* denotes constant temperature.
cm3, the vertical stress in 1000m deep rockmass is close to 25MPa.
The maximum hydrostatic stress applied to the experimental
samples is 150 MPa and the maximum temperature is 600 �C. This
is comparable to the rock mass of 6000 m deep.

The testing schedule and parameters for specimen 2 are listed in
Table 1. The test was run for 330 h Figs. 4 and 5 show the axial
deformation and borehole radial deformation of specimen 2,
respectively. The axial deformation exhibits steady creep at 400 �C
and hydrostatic stress of 100 MPa. It not only decreases due to
expansion with increasing temperature but also increases with
increasing hydrostatic pressure. When the temperature increased
from 400 �C to 500 �C and the hydrostatic pressure increased from
100 MPa to 125 MPa, the axial deformation accelerated. With
consistent 500 �C and 125 MPa hydrostatic pressure, the specimen
deforms with a high speed, a sign indicates that the rock is close to
failure or in its critical condition.

The radial deformation of borehole follows a similar path shown
in Fig. 5. It exhibits steady creep at 400 �C and hydrostatic pressure
Pa Borehole deformation Axial deformation

Steady creep Steady creep
Steady creep Steady creep
Steady creep Steady creep
Steady creep,
accelerate
creep starting

Steady creep, accelerate
creeping starting

Accelerated creep
to failure



Fig. 7. Borehole deformation due to thermal and stress vs. time of specimens 3.

Table 3
Measured axial creep deformation of specimen 1.

Stress/MPa Temperature/�C Single state
creep

Creep time/hour Accumulating
creep

12.5 100 0.025 36.667 0.025
25 200 0.14 45.237 0.165
75 300 0.235 42.9 0.4
100 400 0.112863 44.233 0.512863
125 400 0.125 43.833 0.637863
125 500 0.07 34.13 0.707863

Table 5
Measured radial creep deformation of specimen 2.

Stress/MPa Temperature/�C Measured
accumulated
creep

Creep
time/hour

Adjusted creep
deformation

25 200 0.6889 43.54 0.6680
50 200 0.7898 43.44 0.7467
50 250 0.9011 46.36 0.9505
75 300 1.2906 43.5 1.3524
100 400 2.3822 26.93 2.4492
125 500 4.6212 44.56 4.4356
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of 100 MPa and accelerated creep when temperature increases
from 400 �C to 500 �C and the hydrostatic pressure increases to
125 MPa. In about 60 h, the specimen experiences steady-state
creep, accelerated creep, and finally failure.

2.5. Testing results of specimen 3

A different schedule was applied to specimen 3 testing (seen in
Table 2), which focuses on borehole and rock mass deformation at
500 �C. Figs. 6 and 7 show the axial deformation and borehole
radial deformation of specimen 3, respectively. The specimen
creeps steadily under 500 �C and 125 MPa hydrostatic pressures.
When the hydrostatic pressure increases to 150 MPa, the defor-
mation started to accelerate. With temperature increasing from
500 �C to 600 �C, the specimen shows weakening and softening
effect. Apparently accelerated creeping occurs. The radial defor-
mation of borehole and the axial deformation of the specimen
show very similar trend.

3. Steady creeping of borehole in granite under high
temperature and high pressure

In addition to specimen 2 and 3, steady creep was also observed
for specimen 1when the temperature ranged from 100 �C to 500 �C
and hydrostatic pressures were between 12.5 MPa and 125 MPa.
The steady-state creep deformation is calculated by removing the
immediate elastic deformation and thermal expansion induced by
increasing temperature. The steady creep of specimen 1 and 2 at
Table 4
Measured axial creep deformation of specimen 2.

Stress/MPa Temperature/�C Single state
creep

Creep time/hour Accumulated
creep

25 200 0.29 43.54 0.29
50 200 0.18 43.44 0.47
50 250 0.055 46.36 0.525
75 300 0.13 43.5 0.655
100 400 0.105 26.93 0.76
different hydrostatic stresses and temperatures is listed in
Tables 3e5.

In general, with increasing temperature and hydrostatic pres-
sure, creep deformation is increasing. It is found that the cumulated
creep deformation is linearly correlated to temperature and hy-
drostatic pressure. The relationship is summarized in Table 6. The
formula can be used to calculate the anticipated granite creep
deformation.

The third equation in Table 6 also presents the relationship
between borehole steady-state creep deformation and applied
hydrostatic pressure and temperature from testing results of
specimen 2. It is found that borehole creep deformation increases
exponentially with increasing temperature and hydrostatic stress.
In addition, the impact of temperature or hydrostatic pressure is on
the same order. Note that the equation only gives the creep
deformation at certain temperature and stress. The total borehole
deformation should also include elastic deformation and the ther-
mal expansion, which can be expressed in the equation below.

Urtotal ¼ Uelasticity þ Uthermal expansion þ Ucreep (1)

4. Failure mode and critical condition of borehole in granite

It is observed that when hydrostatic pressure is greater than
125 MPa and the temperature is higher than 500 �C, borehole
started collapsing. Granite chips off from the borehole, resulting in
borehole diameter increasing. Fig. 8 shows the failure characteristic
of specimen at the end of testing. Fig. 9 presents the measured
borehole diameter along specimen axis after testing. The followings
are also indicated from the deformation data presented in Figs. 4e7.

Borehole deformation is viscoelastic during steady-state creep
stage, as explained in the above section. The rock specimens
remained intact in the steady-state creep stage. However, granite
started to chip off in the borehole and the specimens approached
critical condition when the temperature reached 400 �Ce500 �C
and hydrostatic pressure reached 125 MPae150 MPa. Borehole
deformation indicates visco-plastic-elastic features. With elapse of
time, rock specimens started fracturing, followed by the acceler-
ated creep and collapsing of boreholes.

The temperature and hydrostatic pressure associated with fail-
ure or critical condition of each tested specimen are listed in Table 7.
The three specimens have the same critical instability temperature
and the temperature is 500 �C. The critical hydrostatic pressure for
the tested specimens ranges from 125 MPa to 150 MPa. Fig. 10
shows the accelerated creep deformation measured for the speci-
mens in critical condition. In terms of engineering practice, stress of
125 MPa and temperature of 500 �C can be established as the
critical condition criteria for borehole instability in granite.

Fig. 11 shows the failure mode of specimens after testing. It re-
veals a cone-shaped failed specimen as well as close to vertical
fracture traces on the outside of a specimen. The failure mode is
either shearing or combination of shearing and tension.



Fig. 8. Granite borehole deformation failure patterns a) Collapse observed by camera; b) Enlarging observed by borescope; c) Fractures in borehole observed by borescope.

Fig. 9. Variation of borehole diameter along axis (vertical to sample end) after the
experiment.

Table 6
Fitted creep deformation due to thermal and stress.

Creep Specimen Strain/displacement Correlation coefficient

Axial creep deformation/mm 1 εzc ¼ �0.47422 þ 0.000773s þ 0.003771T 0.9186
Axial creep deformation/mm 2 εzc ¼ �0.07761 þ 0.003346s þ 0.000719T 0.9977
Borehole radial creep deformation/mm 3 Urc ¼ 0.22767exp (0.004454s þ 0.00483T) 0.9988

Y. Zhao et al. / Renewable Energy 77 (2015) 159e165 163
Granite is strong and brittle in room temperature. When bore-
hole in granite failed under high temperature and high stress,
borehole walls were observed fracturing and chipping, which
contributes to the final collapsing of the hole. It is different from
borehole deformation in ductile rocks, which borehole necking is
more observed than collapsing.
Table 7
Failure characteristics and critical condition of tested granite specimens.

Specimen Failure mode Hydrostatic
pressure/MPa

Temperature/�C

1 Compression and shear failure 150 500

2 Compression shear and tension
composite failure

125 500

3 Compression shear and tension
composite failure

150 500
End effect is also observed during testing due to friction be-
tween the specimens and the pressers. The effect may have impacts
over about 100 mm long from the specimen ends, which is roughly
a quarter of the specimen height. As shown in Fig. 9, the measured
borehole diameter increases in the portion of 109 mm up from
bottom and 95 mm down from top of specimen 2. The seriously
failed portion locates at the middle of the specimen, from 190 mm
to 300 mm along the borehole axis. The maximum borehole
diameter measured after failure is 52 mm.

According to the maximum strain criterion, the radial critical
deformation ratio is measured to be 20%. Using this value in the
third equation listed in Table 6,

Urc ¼ 0.22767exp (0.004454s þ 0.00483T) (2)

The critical instability condition criterion for borehole in granite
can also be expressed as:

s ¼ �1.08442T þ 643.5 (3)

This equation is illustrated in Fig. 12, which shows the radial
critical condition criterion as a function of stress and temperature.
Equation (3) also indicates the ultimate rock mass condition for
deep drilling. It shows that the drilling may extend deeper when
thermal gradient is low. As an example, Kola SG-3 was deepened to
12,262 m. The low thermal gradient at the boring location played a
great role.
5. Discussion

The hot dry rock geothermal energy reservoir is high tempera-
ture rock mass initially formed from cooling of 650 �C rock or
Description of failure form

Necking along the hole from 200 to 310 mm. The necking portion
is about 100e110 mm in length and 31.5 mm in diameter.
The middle portion of the hole ruptured and finally collapsed, resulted
hole enlargement.
Apparent fracturing and shear planes along the middle 200 mm of the hole.



Fig. 10. Creep deformation of borehole with hydrostatic stress 125e150 MPa and
temperature 400 �Ce500 �C.

Fig. 12. Critical condition of borehole instability destroy.
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higher than 650 �C lava. The mechanical properties of the cooling
rock also vary with depth. The stress pattern in rock will change
with cooling temperature and pressure. Hence, the ideal rock
sample used in the experimental drilling research on HDR
geothermal energy extraction is the in-situ one mentioned above.
Whereas, it is difficult to conduct laboratory tests on the in-situ
rock sample. Coring samples from deep drilling is a direct
method which can attain the samples under in-situ geologic con-
dition. However, the rock samples are cooled down by drilling mud
circulation and the stress pattern in rock also changes.

While a hole is drilled in hot granite, thewellbore is significantly
cooled. Thermal cracking induced by immediately sudden reduc-
tion in temperature (i.e. thermal shock) around wellbore will occur
while slurry is utilized to cool the drill bit. In the author's previous
study, thermal shock can weaken the mechanical and physical
properties of granite (such as decrease in elastic modulus, uniaxial
compressive strength and tensile strength) more dramatically than
thermal cracking induced by slow temperature variation [20]. It is
complex to consider the cooling effect on sample. To eliminate
Fig. 11. Compression shear and tensile destruction features photos of the samples 1 and 3
down from the damage borehole wall; d) Compression shearing and tension failure mode
cooling effect, the borehole in the granite sample is predrilled at
room temperature.

The stress concentrationwill take place around borehole while a
hole is drilled in an established stress medium. Stress concentration
is caused by geometric discontinuities involving cracks, sharp cor-
ners, holes, and changes in the cross-sectional area of object.
Therefore, the stress pattern of borehole here is theoretically same
as that around actual wellbore.

Therefore, in order to conduct a feasible and similar lab simu-
lation of deep drilling in granite at high temperature and high
pressure, the only way is to employ the cooled rock to heat.
Comparing to in-situ rock mass, the rock sample used in lab
simulation of deep drilling experiences two processes: cooling from
high temperature at in-situ stress state and heating up to high
temperature at high experimental stress. These two processes will
weaken the rock mechanical properties (i.e. strength, elastic
a)shearing failure of sample 1; b) cone from the top of picture a; c) small piece falling
of sample 3.
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modulus et al.). So the borehole will more unstable in the experi-
ment than that in the actual drilling practice at the same temper-
ature and pressure without considering cooling effect during
drilling. If the results presented above are applied to drilling en-
gineering practice, the drilling engineering will be safe and
successful.

6. Conclusions

This paper presents the testing results of three granite speci-
mens of 200 mm in diameter and 400 mm long using a high
temperature and high pressure servo-controlled rock triaxial
testing machine. The main conclusions are:

1) In general, borehole deformation increases with increase of
stress and temperature. When the hydrostatic pressure is lower
than 100MPa (77% of UCS) and the temperature is below 400 �C,
the rock specimen deforms viscoelastically and the borehole is
in the steady-state creep stage. The specimen remains intact in
this stage. Borehole approaches critical condition when the
temperature is between 400 �C and 500 �C and the hydrostatic
pressure is 125 MPa (96% of UCS). When temperature reaches
500 �C and the hydrostatic pressure reaches 150 MPa, borehole
deformation accelerates sharply and it is followed by failure and
collapsing.

2) Radial instability critical condition for borehole in granite is
found to be at hydrostatic stress of 150 MPa (115% of UCS) and
temperature of 500 �C.

3) The axial deformation increases linearly with the increase of
stress and temperature.

4) The radial deformation of borehole in granite increases expo-
nentially with the increase of stress and temperature.

5) The ultimate condition of drilling in granite, in regards to tem-
perature and in-situ stresses, is analyzed based on the
maximum strain criterion.
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