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1 Introduction

Knowledge on rock mechanical behaviors under/after high-
temperature conditions is extremely important for projects
such as deep geological disposal of nuclear waste (Sellin
and Leupin 2013; Verma et al. 2015), hot dry rock (HDR)
geothermal energy extraction (Brown et al. 2012; Gelet
et al. 2012), and underground coal gasification (Burton
et al. 2006; Otto and Kempka 2015), for it can provide a
basis for deformation, stability, and safety analyses of the
projects. High temperatures can cause thermal expansion of
rock-forming minerals, thermal stresses, and chemical
reactions in a rock body and thus produces micro-cracks
and damages rock microstructures. As a result, rock
behaviors exposed to high temperatures may be quite dif-
ferent from those under normal temperature conditions. It
has been known that rock strength and deformation mod-
ulus generally decrease with increasing temperature,
especially beyond a certain temperature (e.g., Dwivedi
et al. 2008; Chen et al. 2012; Singh et al. 2015; Tian et al.
2016; Peng et al. 2016; Ding et al. 2016). Therefore,
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research on high-temperature rock mechanics is important
and essential in both theory and practice.

Granitic rocks such as granite and diorite are a widely
acceptable site for nuclear waste disposal and are also
main rock types of HDR reservoir. Up to now, a large
amount of experimental research has been performed to
investigate the mechanical properties of granite exposed
to high temperatures up to 1000 °C. Dwivedi et al.
(2008) presented deformation modulus, tensile, and
compressive strength of granites basically decrease with
temperature according to their experiments and literature
review. Based on a real-time high-temperature uniaxial
compression testing system with strain rates of 0.05 and
0.5 mm/min, Singh et al. (2015) found uniaxial com-
pression strength (UCS) and elastic modulus (E) of
granite decrease with temperature from 200 °C onward,
while Homand-etienne and Houpert (1989), Chen et al.
(2012) and Liu and Xu (2014) discovered the threshold
temperature is 400 °C. They found granite UCS changes
slightly from room temperature to 400 °C, but dramati-
cally decreases with temperature from 400 °C onward,
by means of testing on granite sample after high-tem-
perature treatment. Shao et al. (2015) and Yin et al.
(2016) observed UCS and E of granites decrease with
temperature up to 1000 °C.

Diorite reserves may be much larger than that of
granite in some areas and can be a substitute for granite
as the host rock of nuclear waste geological disposal. It is
also one type of hot dry rocks. However, limited refer-
ence related to the mechanical behavior of diorite exposed
to high temperatures is available now. To extend our
knowledge on high-temperature influences on mechanical
properties of diorite, a series of uniaxial compression tests
were performed on diorite samples after thermal treatment
up to 1000 °C.
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2 Materials and Methods
2.1 Sample Characterization

Block samples in this study are gray compact diorite
retrieved from the Fangshan District, Beijing, China.
According to the Standard for Tests Method of Engineering
Rock Messes (GB/T 50266-99) of the Peoples Republic of
China, cylindrical specimens with a nominal diameter of
50 mm and length to diameter ratio of two were prepared
for uniaxial compression testing. The average bulk density,
open porosity, and compressive wave velocity of the
original samples are 2.70 g/cm3, 1.02%, and 3491 m/s,
respectively. The average values of UCS, E and Poisson’s
ratio of the samples without thermal treatment are
46.7 MPa, 12.6 GPa, and 0.1, respectively. The mineral
composition is about 45% plagioclase, 25% K-feldspar,
10% quartz, 10% amphibole, and 10% biotite by weight
percent.

2.2 Testing Procedure

To eliminate the influences of natural water content on the
experimental results, all the samples were first numbered and
subjected to dry processing which is performed by putting
the samples into a drying oven and baking them at 105 °C for
48 h to remove all moisture content. And then, thermal

TAv-2000
| Runueauny

Fig. 1 Photograph showing the TAW-2000 servo-controlled testing
system
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treatment was performed on the dried samples in an electrical
furnace (SG-XL1200) with the following procedure:

e heat the dried samples at a rate of 2 °C/min at
atmospheric pressure to a predetermined temperature
in the furnace chamber;

e maintain the samples at the predetermined temperature
for 2 h;

e cool them down in the chamber at a rate of 2 °C/min to
room temperature.

After that, the treated samples were conserved in a
desiccator until uniaxial compression testing. The prede-
termined temperatures were 200, 400, 600, 800, and
1000 °C, respectively.

Following the standard of GB/T 50266-99, the uniaxial
compression experiments were carried out at a loading
speed of 0.3 mm/min in a TAW-2000 electric-fluid servo-
controlled testing system as shown in Fig. 1. Three samples
were used for the testing at each temperature level.

3 Results and Discussion

The results of the experimental work are discussed under
five sub-topics: (1) microscopic observations, (2) uniaxial
compressive strength (UCS), (3) elastic modulus (E), (4)
stress—strain relations, and (5) macroscopic failure pattern.
The values of UCS and E of each sample tested are sum-
marized in Table 1. Besides, a normalized value in the
following is defined as the ratio of a mechanical index after

Table 1 The values of UCS and E of each specimen tested

Sample no. T (°C) UCS (MPa) E (GPa)
20-1 20 53.30 14.7
20-2 20 38.20 10.0
20-3 20 48.68 13.2
200-1 200 41.74 12.3
200-2 200 40.60 12.7
200-3 200 47.00 12.5
400-1 400 63.08 15.5
400-2 400 33.34 12.1
400-3 400 56.18 17.4
600-1 600 45.00 7.9
600-2 600 33.77 7.2
600-3 600 35.75 8.3
800-1 800 20.32 2.1
800-2 800 16.48 2.4
800-3 800 19.90 2.3
1000-1 1000 15.60 1.2
1000-2 1000 8.05 0.8
1000-3 1000 9.46 0.7
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(£) 1000 °C

Fig. 2 Optical microscopic observations of the specimens after high temperatures

a specific temperature treatment to that at room tempera-
ture which is 20 °C in this study.

3.1 Microscopic Observations

Figure 2 illustrates the optical microscopic observation
results in the diorite after different temperatures by thin
section identification method, from which we can clearly see
the influence of high temperature on the mineral grains and
micro-cracks. Mineral grains are closely arrayed, and almost
no initial pores and fissures can be observed at 20 °C
(Fig. 2a). Short fissures appear around mineral boundaries,

but not through the grains at 200 and 400 °C (Fig. 2b, c). At
600 °C, we can observe many boundary cracks and trans-
granular cracks (Fig. 2d). More and more cracks have
formed at 800 and 1000 °C, as shown in Fig. 2e, f.

3.2 Uniaxial Compressive Strength

UCS is one of the most important parameters reflecting
the basic mechanical properties of rocks. It is extremely
essential in the fields such as rock mass classification and
development of rock and rock mass failure criteria (Jaeger
et al. 2007). As listed in Table 1, clearly the measured
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Fig. 4 Diorite stress—strain curves at different temperatures

values are distributed scatteredly (Fig. 3a), which have
been observed in rocks whether they were experienced
thermal treatment or not (e.g., Basu et al. 2013; Tian
et al. 2014) and may be due to sample variations related
to the amount and distribution of micro-cracks,
microstructure, etc. The average values of UCS at each
temperature are plotted in Fig. 3a and the corresponding
normalized values UCS/UCS, in Fig. 3b. A general trend
is obviously shown in Fig. 3, that is, slight variations
(£10%) of UCS appeared up to 400 °C; from that
onward, a decreasing trend was observed. UCS of the
diorite decreases by approximately 60 and 80% after 800
and 1000 °C treatment, respectively. Microscopic obser-
vations have found thermally damaged cracks develop
from 600 °C onward, and as a result, the macroscopic
strength is affected significantly and presents a decreasing
trend with temperature.
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As shown in Fig. 3, the values of E remain nearly
unchanged from room temperature to 200 °C, but a slight
increase (<20%) occurs at 400 °C. From 400 °C onward,
E dramatically decreases with increasing temperature. At
800 and 1000 °C, the average values of E decrease by
about 82 and 93%, respectively, compared to that at room
temperature. The magnitude of E/E, variation with tem-
perature from 400 to 1000 °C is larger than that of UCS/
UCS, (Fig. 3b). It is concluded that high-temperature
influence on elastic modulus is more obvious that on UCS
in this temperature range.

3.4 Stress—Strain Relations

The axial stress—axial strain curves of representative tests at
each temperature level considered are plotted in Fig. 4. We
can see that the curves of 20, 200, 400, 600, 800, and 1000 °C
show two different behaviors. The stress—strain curves of
20400 °C display a nearly elastic increase in stress with
strain until peak stress is reached and then a sudden drop of
stress. The behavior indicates that diorite experiences brittle
failure in this temperature range. On the other hand, the
curves of the temperatures from 600 °C onward exhibit an
obvious concave-upward shape before the elastic increase in
stress with strain and a more gradual decrease in stress after
peak stress with increasing strain at failure, reflecting the
ductility of diorite is enhanced. The concave-upward shape
indicates that the high temperatures have induced micro-
cracks in the samples. Tullis and Yund (1987) experimen-
tally demonstrated a transition from dominantly micro-
cracking to dominantly dislocation at about 300400 °C for
quartz and 550-650 °C for feldspar. Moreover, the values of
UCS of the diorite samples did not significantly vary (less
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Fig. 5 Macro-fractures of diorite exposed to temperatures after uniaxial compression

than 20%) before 600 °C. Therefore, it can be concluded that
the brittle—ductile transition critical temperature of diorite is
around 600 °C, which is consistent with the conclusion of
granite by Liu and Xu (2015). However, Xu et al. (2009) and
Shao et al. (2015) presented the brittle—ductile transition
temperature of granite is about 800 °C. This phenomenon is
understandable, for mineral composition and microstruc-
tures of rocks are different (Ranjith et al. 2012).

3.5 Macroscopic Failure Pattern

The macroscopic failure patterns of diorite after high-tem-
perature treatment are shown in Fig. 5. The diorite at room
temperature is a typically brittle rock material and shows an
axial splitting tensile failure pattern. After 200 and 400 °C
treatment, there is a tendency to transit from a longitudinal
splitting to shear failure. From 600 °C onward, failure of the
specimens occurred along a through-going shearing plane,
that is, shear failure. Besides, due to thermally damaged
micro-cracks inside the specimens before compression, the
failure planes of the specimens thermally treated are very
hackly, and some blocks and powder come out. The phe-
nomenon strengthens with increasing temperature. Longi-
tudinal splitting and shear failure are normal failure pattern
of rocks without thermal treatment under low pressures
(Goodman 1980). After thermal treatment, especially
beyond 400 °C, even though the stress—strain curves reflect
the ductility of the samples is enhanced with temperature, the
diorite still behaves a macroscopic shear failure pattern,
which is consistent with the observations (see, e.g., Maji
2011; Kong et al. 2016; Yang et al. 2017).

4 Conclusions

A laboratory program to investigate the mechanical
behavior of diorite exposed to high temperatures up to
1000 °C has been carried out. From the results of this
study, the following conclusions can be drawn.

e Thermally damaged cracks such as boundary and
transgranular cracks in the diorite treated occur obvi-
ously from 600 °C onward, corresponding to the fact
that UCS and elastic modulus become less than those at
20 °C.

e The values of UCS of diorite change slightly (£10%)
up to 400 °C, but decrease with increasing temperature
from that onward.

e The elastic modulus of the diorite keeps unchanged up
to 200 °C, increases about 20% at 400 °C compared to
that of the original sample, and then decreases with
temperature from 400 °C onward.

e Based on the stress—strain curves, the brittle—ductile
transition critical temperature of the diorite is around
600 °C.
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