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Abstract Creation of optimal fracture networks
through enhanced geothermal system within the reser-
voir for the extraction of the geothermal energy will
require proper understanding of the thermo-mechanical
behavior of the reservoir rocks i.e. granites. Current
research work has focused the thermo-mechanical
properties of granite under various temperature and
strain rate conditions. Bundelkhand granite of India has
been investigated for the proposed research work. Four
different strain rates viz. 0.05, 0.5, 5.0 and 50.0 mm/
min at three different temperatures viz. room temper-
ature (25 °C), 200 and 400 °C were considered for
experimental analysis. It was observed that at room
temperature, with increasing strain rate the uniaxial
compressive strength of the rock increases and the same
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trend is also observed at higher temperature conditions.
However, at low strain rate (0.05 mm/min) the com-
pressive strength decreases with increase in tempera-
ture and the trend is irregular at higher strain rates. It
was also observed that Young’s modulus of Bun-
delkhand granite increases with increase in strain rate
however it reduces with increase in temperature.
Thermal conductivity value of Bundelkhand granite
ranges from 3.1 to 3.6 W/m K.
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1 Introduction

The Bundelkhand craton is of Archeo-Proterozoic age
and comprises the Central Indian Shield in association
with the Aravali and the Singhbhum cratons. The
Bundelkhand massifs are situated in the central part of
the Indian peninsula which outcrops in a semicircular
shape. These massifs are bounded by Son-Normada
lineament on south, the Great Boundary fault of
Aravalli in the west and the Himalayas in the north.
The most predominated rocks in the region are the
several generations of granitic rocks ranging in age
from late Archean to early Proterozoic. Rb—Sr dating
of these rocks indicates an average age of 2550 Ma
(Sarkar et al. 1985). The tonalite—trondhjemite—gran-
odiorite (TTG) gneisses, reported from the Bun-
delkhand granite complex, record the oldest partial
and metamorphic melting event in this region i.e.
~3.3 Ga (Mondal et al. 2002).

Bundelkhand granites are very widely distributed
in central part of India. These granites contain
significant concentration of radioactive elements
providing a reasonable heat flow value to these
granites. Therefore these granites can be considered
as a potential Hot Dry Rock resource. On the other
hand these granites have very low porosity and
primary permeability. In order to increase the fluid
flow within the reservoir, artificial fracture networks
are required to be developed inside the reservoir. To
develop an artificial fracture network within the low
permeable reservoir requires a complete knowledge
of the mechanical properties of the granites. The
mechanical properties of rocks depend upon differ-
ent physical parameters like mineralogy, structure,
temperature and stress. In addition to this, a proper
understanding of the thermo-mechanical (TM)
behavior of the granites is also essential as high
temperature affects the strength of rocks. In practice,
the geothermal reservoirs at depth are under high
temperature and pressure condition and the rocks
behave dynamically as a function of temperature
and pressure. So the development of fracture
networks within a complex dynamic environment
requires knowledge of the TM behavior of these
rocks.

Worldwide since 1970s, many of the countries
which have reservoirs that are noncommercial for
conventional hydrothermal reservoirs viz. Fenton hill
of United States, Rosmanowes of United kingdom,
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Soultz of France and Cooper basin of Australia etc. are
focusing on developing techniques for the creation of
geothermal reservoirs through artificial fracture
network.

This paper focuses on the critical analysis of the
TM properties of Bundelkhand granites of India.

2 Literature review
2.1 Geology

The Bundelkhand craton is one of the four Archean
shields in India (Fig. 1). The Bundelkhand shield
occupies nearly 29,000 km” in the Central Indian
Shield region. It consists of supracrustal gneisses with
or without TTG affinity, metapelites, amphibolites,
iron rich and less abundantly, manganese-rich
metasedimentary rocks, marble, calc-silicate rocks
and quartzites. Several phases of compositionally
different felsic intrusive rocks, felsic volcanic rocks,
giant quartz veins (GQVs) (Pati et al. 2007), and
mafic—ultramafic intrusive rocks (Basu 1986; Mondal
et al. 2002; Malviya et al. 2006) are also present. The
GQVs are up to 70 m wide and can exceed 100 km in
strike length, and are the most conspicuous regional
structures observed as curvilinear features throughout
the Bundelkhand craton. These veins were later
intruded by NW trending mafic dikes. The supracrus-
tal gneisses show three phases of folding and the
imprint of a crustal-scale brittle ductile shearing (~E-W
trending) episode that affected all major lithology
except the mafic dikes (Pati et al. 2007; Malviya et al.
2006). The Bundelkhand rocks, in general, are meta-
morphosed to amphibolite facies (Basu 1986) and, in
places, possibly to granulite facies. The entire region is
at low altitude and slopes from south to north. All its
important rivers flow in that direction.

The Bundelkhand granite hosts geothermal circu-
lation at Tattapani (Minissale et al. 2000) and the
reported heat generating capacity of these granites
varies from 3-8 pW/m?* (Chandrasekharam and Chan-
drasekhar 2008). These are fertile granites with high
thorium (3-101 ppm), uranium (5-14 ppm) and
potassium contents, indicating that they are high heat
generating granites (Chandrasekharam and Chan-
drasekhar 2010). These are high heat producing
granites and the heat generation ranges from 1.4 to
54 ]JW/III3 (Singh et al. 2015).
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Fig. 1 Geological map of Bundelkhand Craton (modified after Pati et al. 2007)

2.2 Thermo-mechanical study

Extensive work has been carried out by many of the
authors to measure the mechanical properties of
granite using different standardized methods. Katz
et al. (2000) and Vasconcelos et al. (2007) have
measured the mechanical properties of rock using
Schmidt Hammer method. They used ultrasonic pulse
velocity and hardness number for the evaluation of the
elastic and strength measurement of rocks. However,
very limited studies have been carried out focusing the
effect of temperature on the mechanical properties of
the granites.

Since last few decades, the study of the effect of
temperature on the physical and mechanical

properties of rocks has been studied by -earlier
researchers. Heuze (1983) studied different mechan-
ical properties like deformation modulus, Poisson’s
ratio, tensile strength, compressive strength, cohe-
sion and internal friction angle, viscosity, and other
parameters and discussed the dependence of lateral
pressure and high temperature on thermal expan-
sions of different granites. But they didn’t consider
the effect of strain rate on the mechanical properties
of granites.

However, most of the previous works studied the
mechanical properties of rocks at room temperature
after they have attained to a specified temperature. In
general, cooling down of a specimen to room temper-
ature after heating to a specified high temperature will
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result in the formation of abundant thermal micro-
cracks. Therefore the results of the above mentioned
experiments are not sufficient to reflect the essential
characteristics of rocks at higher temperature.

Many scholars have also studied the physical and
mechanical properties of rocks under high tempera-
ture. However, the behavior of rocks is very complex
under TM coupling as most mechanical parameters
such as compressive strength and elastic modulus
show drastic difference as compared with those at
room temperature (Hudson et al. 2005). Study on
micro-scale by Zuo (2006) has shown that the strength
of sandstone with an initial increment decreases with
the increase in temperature within a certain interval.
Similarly, Xu and Liu (2000) have shown that the
strength decreases with the increase in temperature for
most of the rocks, and this downward trend depends on
the rock type. Furthermore, former studies on the TM
properties of rocks have not considered the character-
ization of crack growth during the TM study of the
rock. The mechanical behaviour of rock has been
analysed by varoius researchers using an acoustic
measurement method (Ranjith et al. 2008; Wasantha
et al. 2013). They differentiated the stable crack
growth zone and rock failure zone of different rock
specimen using the acoustic emission counts.

Zhang et al. (2009) studied the mechanical prop-
erties of marble, limestone and sandstone at high
temperature using MTS810 hydraulic servo system
and MTS 653.02 high temperature furnace. From the
stress—strain curve, they observed that the rocks have
compression phase and elastic stages at normal
temperature to 800 °C and with the increase of
temperature plasticity increases. Peak strength study
(Fig. 2) shows a downtrend from normal to 200 °C, a
little fluctuation between 200 and 600° C and a sharp
decrease at more than 600 °C. Similarly, the peak
strain of sandstone, marble and limestone rapidly
increases after 600, 200 and 200 °C temperature
respectively. Elastic modulus of the rocks also
decreases with increase in temperature.

Dwivedi et al. (2008) measured the TM properties
of granites of India and other places where he used the
core samples in UTM machine to observe the effect on
rock strength at different temperature interval. They
observed that with an initial decrease, the compressive
strength of the granites (Fig. 3) increases with increase
in temperature whereas tensile strength gradually
decreases with increase in temperature. Similarly, as
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Fig. 3 Plot of compressive strength (sc) versus temperature for
Indian granite (Dwivedi et al. 2008)

temperature rises young’s modulus also increases with
an initial decrease as temperature rises. They also
found that there is a reduction in width of the pre-
existing micro-cracks with increase in temperature.
Zhao (1994) studied the TM properties of Carnmenel-
lis granite and observed that by increasing the
temperature from 20 to 200 °C, uniaxial compressive
strength of the specimen can be reduces to 40 %.
From the literature review, it is appeared that
though a significant amount of effort has been made by
earlier authors on the study of the mechanical
properties of different kinds of rock, but study on the
TM properties of rocks is limited. Singh et al. (2013)
studied TM properties of Harcourt granite, Australia.
Various authors have worked on mechanical proper-
ties of various granites of India; however, limited work
has been carried out on the TM properties of the Indian
granites. This investigation is focused on the study of
the TM properties of Bundelkhand granite in a stable



Geomech. Geophys. Geo-energ. Geo-resour. (2015) 1:35-53

39

temperature environment at different temperature and
strain rate conditions.

3 Methodology
3.1 Geology

Bundelkhand granite from Jhansi district, Uttar
Pradesh, India is investigated for the current research
work. Geology of the study area is studied in order to
understand the field conditions like rock type, miner-
alogy and stress pattern etc. The study area is situated
at Jhansi district of Uttar Pradesh, India. It covers the
granitic exposures of Jhansi city and its surrounding
areas like Deilly, Goramachia, Khialar, Pratappura.

Big boulder samples of Bundelkhand granite were
collected from the field area of Jhansi and were
transported to the department of Earth sciences, IIT
Bombay.

Core samples of 44 mm diameter to 88 mm length
were prepared and then transported to Monash
University for study of TM properties of the rock.
Both ends of the samples were grinded and polished in
order to make both ends perpendicular to the axis of
the sample. Sample preparation and uniaxial com-
pressive strength test experiments were carried out at
Civil engineering department of Monash University,
Melbourne, Australia.

3.2 Thermo-mechanical study

Thermo-mechanical investigation delineates the
mechanical properties of rock under different temper-
ature and strain rate condition. “ASTM D7012-10
Standard Test Method for measurement of Compres-
sive Strength and Elastic Modulus of Intact Rock Core
Specimens under varying states of Strain and Tem-
peratures” has been followed for the current experi-
mental work. The experimental set up for the TM
study is shown in Fig. 4.

The compressive strength tests were carried out at four
different stain rates, i.e. 0.05, 0.5, 5.0 and 50 mm/min
along with three different temperature intervals i.e. at
room temperature (25 °C), 200 and 400 °C. From
preliminary compressive strength study, it was observed
that the strain rate of 0.5 mm/min took 5—7 min to failure
and therefore considered as the standard strain rate for

Bundelkhand granites. Whereas, strain rate of 0.05 mm/
min required an average of 45 min, 5.0 mm/min required
an average of 3040 s and 50.0 mm/min required an
average of 8-10 s and therefore considered as low strain
rate, high strain rate and very high strain rate respectively
for the current experimental work.

Compressive strength tests were carried out on the
Baldwin 500 kN testing machine. The Baldwin
500 kN machine is a sophisticated compressive
strength testing machine which can apply load up to
500 kN and can perform high speed data acquisition
and high resolution signal conditioner.

Instiron Oven 600 °C was used for the heating of
the rock sample which can heat up to maximum of
600 °C. It was observed that after the heating process
of the specimen there is a heat loss of 100 °C over
5 min time period while transporting the specimen
from oven to the Baldwin machine. Therefore, oven
was set up within the Baldwin machine itself so that
heat loss due to transportation can be stopped. Again
simultaneous heating of specimen while the experi-
ment is in progress gives an advantage of carrying out
the experiment at the specified temperature.

Samples were heated at a rate of 5 °C/min for the
test at 200 °C and at a rate of 10 °C/min for the test at
400 °C which then kept on hold for an hour at the
specified temperature so as to provide enough time to
the granite sample to achieve desired temperature at
the core and at its surface. A thermocouple was put
inside the oven which was attached to surface of the
specimen so that the temperature of the specimen can
be measured while the experiment is in progress.
Three samples for each test were used for the
experimental work.

Radial strain was measured using the MTS Laser
Extensometer. Two reflecting stickers were put on the
cylindrical surface of the rock specimen parallel to
each other and to the axis of the specimen and the
change in displacement were measured using the laser
extensometer. Axial strain was measured from the
displacement of the plates of the Baldwin machine for
which a compliance test for specific sample size was
also carried out.

In addition, acoustic emission measuring instru-
ment was used for the study of fracture mechanics.
Acoustic emission is a phenomenon of generating
elastic waves which is a result of a small surface
displacement of a material produced due to stress
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Fig. 5 Divided bar instrument for thermal conductivity
measurement

waves generated when the energy in a material or on
its surface is released rapidly. Thus, it can be useful for
the study of crack initiation and its failure within a
specimen.

3.3 Thermal conductivity

Thermal conductivity (k) is defined as the quantity of
heat (Q) transmitted through a unit thickness (L) in a
direction normal to a surface of unit area (A) due to a
unit temperature gradient (AT) under steady state
conditions when the heat transfer is dependent only on
the temperature gradient. Equation form this becomes
the following:
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Thermal conductivity was measured at geoscience
department of Monash University of Australia using
the Divided bar method (Fig. 5). Divided Bar method
is one of the most common methods for measuring
thermal conductivity of consolidated rock samples. A
sample of unknown conductivity is placed between
two samples of known conductivity (usually brass
plates). The setup is usually vertical with the hot brass
plate at the top, the sample in between and then the
cold brass plate at the bottom. Heat is supplied at the
top and made to move downwards to stop any
convection within the sample. Measurements are
taken after the sample has reached to the steady state
(with zero heat gradient or constant heat over entire
sample) The sample of 25 mm diameter and 20 mm
thickness were used for the experiments.

4 Results and discussion

4.1 Thermo-mechanical study

4.1.1 Bundelkhand granite: alkali granites

Results of Uniaxial compressive strength test at
standard strain rate (0.5 mm/min) and room temper-

ature (25 °C) is shown in Fig. 6 which shows variation
of axial strain and radial strain against stress. The peak
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load was 323 kN and the peak strength was
210.6 MPa with radial strain of 0.011 and axial strain
0.023. From the axial strain plot it was observed that,
after an initial adjustment between the loading plates
and both ends of the sample, the plot is linear up to the
failure load which signifies of an elastic zone. After
the failure load the stress value suddenly drops to zero
which indicates about an elastic-brittle failure with the
absence of plastic zone.

Radial strain and acoustic emission (AE) data is
plotted against compressive stress value in Fig. 7.
Based on the AE counts the time period is classified
into crack closure, stable crack growth zone and
unstable crack growth zone. It was observed that stable
cracks forms between approximately 170-200 MPa of
stress and unstable crack growth occurs thereafter.
Maximum number of AE hits recorded during the
failure of the rock sample.

Stress—strain curve of compressive strength test at
room temperature (25 °C) and 0.05 mm/min strain is
shown in Fig. 8. The failure of the rock specimen
occurred after 77 min. The peak load was 311 kN and
the peak strength was 202 MPa with an axial strain of
0.018. Stress—strain curve shows an elastic-brittle
failure of the rock specimen at room temperature and
0.05 mm/min strain rate.

Similarly, the plot of AE data with strain against
stress in Fig. 9 shows crack closure zone up to
120 MPa stress followed by crack growth and prop-
agation resulting in failure of the rock specimen.

Result of Compressive strength test carried at room
temperature at strain rate of 5.0 mm/min is shown in
Fig. 10. The failure of the rock specimen occurred in
<30 s. The peak load was 358 kN and the peak

strength was 232 MPa with Radial strain of 0.0013
and axial strain 0.034. The axial strain plotted against
compressive strength shows an elastic-brittle failure.

Similarly, plot of AE data with axial strain against
stress in Fig. 11 shows crack closure zone up to
70 MPa stress followed by crack growth and propa-
gation resulting in failure of the rock specimen.

Rock specimen of Bundelkhand alkali granite was
tested at 50 mm/min strain rate at room temperature
(25 °C). Figure 12 shows the results of stress and AE
counts against axial strain at room temperature.
Failure of the specimen occurred in 5.51 s. The peak
load for the failure of the specimen was 523.5 kN and
the compressive strength is 334.5 MPa with the axial
strain of 0.039. Based on the AE counts in the graph it
is observed that formation of stable cracks starts from
approximately 150 MPa stress and continues to
300 MPa of stress. Unstable crack growth occurs
thereafter until the failure of the specimen.

Figure 13 shows stress—strain curve of the speci-
men for 200 °C test at 0.5 mm/min strain rate. Failure
of the rock specimen during the compressive strength
test occurred under 7 min. The peak load was 324 kN
and the peak strength was 209 MPa with radial strain
of 0.0002 and axial strain 0.035 mm. It was observed
that even at 200 °C there was no plastic deformation
occurred indicating an elastic-brittle failure of the
specimen. The acoustic emission counts (Fig. 14)
indicate that stable crack growth occurred after
50 MPa followed by unstable crack growth process
after 200 MPa.

The stress strain curve of the compressive strength
test at 400 °C and 0.5 strain rate is shown in Fig. 15.
Failure of the rock specimen during the compressive

sesaas Radial strain

— Axial strain
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strength test occurred within 5 min. The peak load was
212 kN and the peak strength was 136 MPa with
radial strain of 0.002 and axial strain 0.021. It was
observed that even at 400 °C there is no plastic
deformation occurred indicating an -elastic-brittle
failure of the specimen. Acoustic emission data
indicates that stable crack growth occurred after

@ Springer

40 MPa stress followed by unstable crack growth
after 95 MPa stress (Fig. 16).

From stress—strain curves for different temperatures
and strain rates, it is observed that at specific
temperature the axial strain at failure increases with
increase in strain rate. Similarly, at specific strain rate
the axial strain at failure increases from room
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Fig. 10 Graph showing
trend of axial strain and
radial strain plotted against
stress tested at room
temperature (25 °C) and
5.0 mm/min strain rate

Fig. 11 Graph showing
plot of the radial strain and
the acoustic emission counts
against the stress for the
compressive strength test at
room temperature (25 °C)
and 5.0 mm/min strain rate

Fig. 12 Graph showing
plot of stress and AE counts
against axial strain at room
temperature (25 °C) and
5.0 mm/min strain rate

Fig. 13 Graph showing
trend of axial strain and
radial strain plotted against
stress tested at 200 °C and
0.5 mm/min strain rate
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temperature (25 °C) to 200 °C while it reduces at
higher temperature condition.

Compressive strength of alkali granite of Bun-
delkhand granite at various temperature and strain rate
conditions are listed below in Table 1 and plotted in
Figs. 17 and 18.
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From the experimental analysis (Table 1; Fig. 17)
it is observed that at strain rate of 0.05 mm/min, the
compressive strength at room temperature (25 °C) is
203 MPa which decreased to 190.2 MPa at 200 °Ci.e.
by 6 %, and it further reduced to 153.1 MPa at 400 °C
ie. by 19 %. At strain rate of 0.5 mm/min, the
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Table 1 Thermo mechanical properties of alkali granite of Bundelkhand granite at different temperature and strain rate conditions

Strain rate Temperature
(mm/min)
25 °C 200 °C 400 °C
UCSsS Axial Y’s modulus  UCS Axial Y’s modulus  UCS Axial Y’s modulus
(MPa) strain (Gpa) (MPa) strain (Gpa) (MPa) strain (Gpa)
0.05 203.0 0.0042 48.5 190.2 0.0044  42.8 153.1 0.0047 32.8
0.5 223.8 0.0039 57.4 209.3 0.0041 50.6 160.0 0.0042 37.8
5.0 232.5 0.0038 61.4 222.1 0.0037 60.1 174.6 0.0040 433
50.0 334.6 0.0037 90.0 271.5 0.0037 73.0 203.0 0.0038 54.0
Fig. 17 Average —4—AlK Grnt@0.05 mm/min
compressive strength of 5 0 == Alk Grnt@0.5 mm/min
alkali granites for different ) .
strain rates at different o Alld Grnt@ 5.0 mm/min
temperature A 280 - Ald Grnt@50.0 mm/min
27
oo
22230 .
o -
: o ».
(=]
gi, 180 -
< ¢
130 T T T T T T T 1

o 50 100 150 200 250 300 350 400
Temperature ( °C)

Fig. 18 Average
compressive strength of
alkali granites for different
temperature at different
strain rate

== Al Grmt@25 °C
Al Grnt@200 °C
Alkl Grnt@400 °C

330 -

280

230

180 |

Avg. Compressive Strength (MPa)

130 - - ‘ ‘
0.05 0.5 5 50
Strain rate (mm/min)

compressive strength at room temperature (25 °C) is
223.8 MPa which decreased to 209.3 MPa at 200 °C

200 °Ci.e. by 5 % and further decreased to 174.6 MPa
ie. by 21 %. At strain rate of 50.0 mm/min, the

i.e. by 6 %, and it further decreased to 160 MPa at
400 °Ci.e. by 24 %. At strain rate of 5.0 mm/min, the
compressive strength of the rock at room temperature
(25 °C) is 232.5 MPa which decreased to 222 MPa at

compressive strength of the rock at room temperature
(25 °C) is 334.6 MPa which decreased to 271.5 MPa
at 200 °C i.e. by 20 % and further decreased to
203 MPa i.e. by 25 %. This suggests that the uniaxial
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compressive strength of alkali granite reduces
insignificantly from room temperature (25 °C) to
200 °C whereas it reduces very rapidly with further
increase in temperature.

Similarly, at room temperature (25 °C), with
increasing strain rate the compressive strength of the
rock increases (Fig. 18). At 0.05 mm/min strain rate,
the compressive strength is 203 MPa which increased
to 223.8 MPa at 0.5 mm/min i.e. by 10 %, but the
increase in strength is very less from 0.5 to 5.0 mm/min
which is 232.5 MPai.e. by 4 %. However, compressive
strength observed at 50 mm/min is 334.6 i.e. increased
by 44 %. Similarly, At 200 °C, the compressive
strength at 0.05 mm/min strain rate is 190.2 MPa
which increases to 209.3 MPa at 0.5 mm/min strain
rate i.e. by 10 % whereas compressive strength at strain
rate of 5.0 mm/min is 222 MPa i.e. by 6 %. However,
compressive strength observed at 50 mm/min is 271.5
i.e. increased by 22 %. At 400 °C, compressive
strength at strain rate of 0.05 mm/min is 153.1 MPa
which increased to 160 MPa at 0.5 mm/mini.e. by 4 %
and then increases to 174.6 MPa at 5.0 mm/min strain
rate i.e. increases by 28 %. However, compressive
strength observed at 50 mm/min is 203.6 i.e. increased
by 16 %. This postulates that with increase in strain rate
the uniaxial compressive strength of the alkali granite
increases.

It is further observed that Young’s modulus value of
alkali granite at room temperature and 0.05 mm/min
strain rate is 48.5 GPa which increases to 57.4 GPa at
0.5 mm/min, 61.4 GPa at 5.0 mm/min and 90 GPa at
50 mm/min strain rates. Same trend was observed at
200 and 400 °C conditions. However, with a gradual
increase in temperature, there is a reduction in Young’s
modulus value of the rock. At 0.5 mm/min, Young’s
modulus at room temperature is 48.5 GPa which
reduces to 42.8 GPa at 200 °C and 32.8 GPa at
400 °C. Same trend was observed at other strain rate
conditions.

4.1.2 Bundelkhand granites: plagioclase granite

A result of uniaxial compressive strength test at
0.5 mm/min strain rate and at room temperature
(25 °C) is shown in Fig. 19 which shows variation
of axial strain and radial strain against stress. The
failure of the specimen occurred in 5 min. The peak
load was 338 kN and the compressive strength was
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225 MPa with axial strain 0.03 mm. From the Axial
strain plot it was observed that after an initial
adjustment between the loading plates and both ends
of the sample, the plot is linear up to the failure load
which signifies of an elastic zone. After the failure
load the stress value suddenly drops to zero which
indicates about an elastic-brittle failure with the
absence of plastic zone.

Stress—strain curve of compressive strength test at
room temperature (25 °C) and 0.05 mm/min strain is
shown in Fig. 20. The failure of the rock specimen
occurred after 75 min. The peak load was 361.8 kN
and the compressive strength was 227.4 MPa with
radial strain of 0.011 and axial strain 0.024. The graph
shows an elastic-brittle failure of the rock specimen at
room temperature and 0.05 mm/min strain rate.

Radial strain and Acoustic emission data plotted
against compressive stress in Fig. 21. Based on the AE
counts the time period is classified into crack closure,
stable crack growth zone and unstable crack growth
zone. It is observed that stable cracks forms between
approximately 180 and 210 MPa of stress and unstable
crack growth occurs thereafter. Maximum number of
AE hits recorded during the failure of the rock sample.

Result of Compressive strength test carried at room
temperature (25 °C) and strain rate of 5.0 mm/min is
shown in Fig. 22. The failure of the rock specimen
occurred in <50 s. The peak load was 529 kN and the
compressive strength was 338 MPa with radial strain
of 0.0017 and axial strain 0.037. The axial strain
plotted against compressive strength shows an elastic-
brittle failure.

Similarly, the plot of AE data with strain against
stress in Fig. 23 shows that stable crack growth
developed between 50 and 230 MPa of stress followed
by unstable crack growth resulting in failure of the
rock specimen.

Compressive strength test of the plagioclase granite
was carried out at room temperature (25 °C) condi-
tion. Figure 24 shows the result of stress and AE
counts against axial strain at room temperature.
Failure of the specimen occurred in 4.26 s. The peak
load for the failure of the specimen was 502.7 kN and
the compressive strength was 321.2 MPa with an axial
strain of 0.036. Based on the AE counts in the graph it
is observed that formation of stable cracks starts from
approximately 70 MPa of stress and continues to
220 MPa of stress. Thereafter, unstable crack growth
occurred until the failure of the rock specimen.
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In Fig. 25, graph shows-stress strain curve of the
specimen for 200 °C test at 0.5 mm/min strain rate.
Failure of the rock specimen occurred within 7 min.
The peak load was 332 kN and the compressive
strength was 220 MPa with radial strain of 0.00067
and axial strain 0.036. It is observed that even at
200 °C there was no plastic deformation occurred
indicating an elastic-brittle failure of the specimen.

The stress strain curve of the compressive strength
test at 400 °C and 0.5 strain rate is shown in Fig. 26.
Failure of the rock specimen occurred within 6 min of
the experiment. The peak load was 227 kN and the
compressive strength was 146 MPa with radial strain
of 0.007 and axial strain 0.033. It is observed that even
at 400 °C there is no plastic deformation occurred
indicating an elastic-brittle failure of the specimen.
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Acoustic emission data indicates that stable crack
growth occurred after 40 MPa stress followed by
unstable crack growth after 95 MPa stress (Fig. 27).
From the stress—strain curves for different temper-
ature and strain rate it is observed that at specific
temperature the axial strain at failure increases with
increase in strain rate. Similarly, at specific strain rate
the axial strain at failure increases from room
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temperature (25 °C) to 200 °C while it reduces at
higher temperature condition.

Compressive strength of plagioclase granite of
Bundelkhand granites at various temperature and
strain rate condition are listed below in Table 2 and
plotted in Figs. 28 and 29.

From the experimental analysis (Table 2; Fig. 28)
it is observed that at strain rate of 0.05 mm/min, the
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compressive strength at room temperature (25 °C) is
220.9 MPa which increased to 215.9 MPa at 200 °C
i.e. by 2 %, and further decreased to 157.5 MPa at
400 °Ci.e. by 27 %. At strain rate of 0.5 mm/min, the
compressive strength at room temperature is 225 MPa
which decreased to 220 MPa at 200 °C i.e. by 2 %,

Stress (MPa)

and further decreased to 160.1 MPa at 400 °C i.e. by
27 %. At strain rate of 5.0 mm/min, the compressive
strength of the rock at room temperature is 325.9 MPa
which decreased to 254 MPa at 200 °C i.e. by 22 %
and further decreased to 161.7 MPa i.e. by 36 %. At
strain rate of 50.0 mm/min, the compressive strength
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Table 2 Thermo mechanical properties of plagioclase granite of Bundelkhand granite at different temperature and strain rate

conditions
Strain rate Temperature
(mm/min)
25 °C 200 °C 400 °C
ucs Axial Y’s modulus  UCS Axial Y’s modulus  UCS Axial Y’s modulus
(MPa) strain (Gpa) (MPa) strain (Gpa) (MPa) strain (Gpa)
0.05 220.9 0.0043 51.7 215.9 0.0043  49.8 157.5 0.0046 34.1
0.5 225 0.0040  55.8 220 0.0040 550 160.1 0.0044  36.1
5.0 325.9 0.0039 83.0 254 0.0039 650 161.7 0.0041 39.2
50.0 321.2 0.0037 87.0 262.9 0.0038  70.0 178.4 0.0039  46.0
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of the rock at room temperature is 321.2 MPa which
decreased to 263 MPa at 200 °C i.e. by 18 % and
further decreased to 178.4 MPa i.e. by 32 %. This
suggests that the uniaxial compressive strength of
plagioclase granite reduces insignificantly from room
temperature (25 °C) to 200 °C whereas it reduces very
rapidly with further increase in temperature.
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Strain rate (mm/min)

Similarly from Table 2 and Fig. 29 itis observed that
at room temperature (25 °C) and 0.05 mm/min the
compressive strength of the value is 220.9 MPa which
increases to 225 MPa at 0.5 mm/min i.e. by 2 % and
further increases to 338.4 MPa at 5.0 mm/min i.e.
increases by 45 %. However, compressive strength at
50.0 mm/min strain rate is 321.2 MPa i.e. insignificant



Geomech. Geophys. Geo-energ. Geo-resour. (2015) 1:35-53

51

Fig. 30 Acoustic emission (A)
versus laser extension data 0.14 =LaserExt - 40
of the specimen at a 200 °C 0.12 + COUN | 35
test, b 400 °C test 0.1
0.08 - 30
0.06 4 L 25
= =
E 0.04 t L a0 =
7 002 K. 4 E
0 , - 15 <
-0.02 ' - 10
-0.04
-0.06 j . & r
’
-0.08 » E$ 0
0 1000 2000 3000 4000 5000 6000 7000
Time (sec)
(B) :
200 + COUN r 0.25
180 * —La*erExt | o2
160 *
140 b - 0.15
»
€ 120
H] o1 g
8 100 E
- 005 w
# 80
60 L o
40
g - -0.05
+ X
20
M%HM
1] - -01
0 1000 2000 3000 4000 5000 6000
Time (Sec)

change observed. At 200 °C temperature, the compres-
sive strength at 0.05 mm/min strain rate is 215.9 MPa
which increased to 220 MPa at 0.5 mm/min strain rate
i.e. by 2 % which further increased to 254.0 MPa at
strain rate of 5.0 mm/min i.e. increased by 15 %.
However, compressive strength at 50.0 mm/min strain
rate is 263 MPa i.e. increased by 3 %. At 400 °C
temperature, compressive strength at strain rate of
0.05 mm/min is 157.5 MPa which increased to
160.1 MPa at 0.5 mm/min i.e. by 2 % and further
increased to 161.7 MPa at 5.0 mm/min strainratei.e. by
1 %. However, compressive strength at 50.0 mm/min
strain rate is 178.4 MPa i.e. increased by 10 %. This
postulates that increase in strain rate the uniaxial
compressive strength of the rock increases.

It is further observed that Young’s modulus value of
plagioclase rock at room temperature and 0.05 mm/min
strain rate is 51.7 GPa which increases to 55.8 GPa at
0.5 mm/min, 83 GPa at 5.0 mm/min and 87 GPa at
50 mm/min strain rates. Same trend was observed at 200
and 400 °C conditions. However, with a gradual

increase in temperature, there is a reduction in Young’s
modulus value of the rock. At 0.5 mm/min, Young’s
modulus atroom temperatureis 51.7 GPa which reduces
to 49.8 GPa at 200 °C and 34.1 GPa at 400 °C. Same
trend was observed at other strain rate conditions.

Laser extensometer and acoustic emission data
collected during the heating process of the specimen up
t0 200 and 400 °C temperatures were analyzed to study
the thermal expansion of the specimen (Fig. 30a, b).

From the results it was found that for any distur-
bance due to sudden release of energy within the
specimen during the heating process generates a
response in Acoustic emission record which coincides
with the fluctuation in the laser extension record. The
sharp fluctuation or spike in AE record can be
considered a result of thermal expansion due to stress
accumulation eventually resulting in the formation of
a thermal crack. This suggests that each event within
the specimen which indicates the growth of thermal
cracks is marked by a sharp fluctuation or spike within
the Laser extensometer data.
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Fig. 31 Average thermal
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5 Thermal conductivity

Thermal conductivity of the Bundelkhand granites
are measured by using the Divided bar method.
Thermal conductivity of alkali granite varies from
3.5 to 3.6 W/m K whereas thermal conductivity of
plagioclase granite is measured as 3.15 W/m K.
Alkali granite in which plagioclase content is rela-
tively higher has thermal conductivity value of
3.4 W/m K (Fig. 31).

6 Conclusions

From the petrographic study, Bundelkhand granites
can be characterized as alkali granites and plagioclase
granite. The mechanical properties investigation at
room temperature explicates behavior of Bundelkhand
granite under different strain rates. Due to chipping
effect towards the end of each test the strain
measurement gets interrupted. The acoustic emission
count helps to easily delineate the stable crack growth
zone and unstable crack growth zone.

It was observed that the strength of the rock varies
with different strain rates. The UCS test on the alkali
granite and the plagioclase granite seems to follow the
observation that has been observed by the earlier
workers i.e. with the increase in temperature the
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compressive strength of the rock decreased. Though
the decrease in uniaxial compressive strength is not
significant from room temperature (30 °C) to 200 °C,
but further increase in temperature (at 400 °C) has
shown a significant amount of decrease in the com-
pressive strength of the Bundelkhand granite. This
phenomenon may be a result of growth of thermal
micro-cracks due the heating process of the specimen.

The effect of strain rate on the uniaxial compressive
strength has also been demonstrated from the result.
Both alkali granites and plagioclase granite show the
trend of increase in uniaxial compressive strength value
with increase in strain rate. But in plagioclase granites,
increase in compressive strength is insignificant from
low strain rate (0.05 mm/min) to standard strain rate
(0.5 mm/min). But at higher strain rate (5.0 mm/min)
to very high strain rate (50.0 mm/min) it increases
significantly with a very wide range of distribution from
room temperature to 400 °C which is probably due to
the formation of micro-cracks at higher temperature.

It is also observed that there is a gradual increase in
young’s modulus of rock as the rock subjected to
higher strain rate conditions. Whereas increasing
temperature leads to decline in Young’s modulus for
a particular strain rate condition.

Thermal conductivity of the alkali granite is
3.55 W/m K whereas thermal conductivity of the
plagioclase granite is 3.15 W/m K.
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