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Abstract. The failure mechanism of a deep hard rock tunnel under high geostress and high geothermalactivity is
extremely complex. Uniaxial compression tests of granite at different temperatures were conducted. The complete
stress-strain curves, mechanical parameters and macroscopic failure types of the rock were analyzed in detail. The
brittleness index, which represents the possibility of a severe brittleness hazard, is proposed in this paperby
comparing the peak stress and the expansion stress. The results show that the temperature range from 20 to 60°C is
able to aggravate the brittle failure of hard rock based on the brittleness index. The closure of internal micro cracks by
thermal stress can improve the strength of hard rock and the storage capacity of elastic strain energy. The failure
mode ofthe samples changes from shear failure to tensile failure as the temperature increases. In conclusion, the
brittle failure mechanism of hard rock under the action of thermal coupling is revealed, and the analysis result offers
significant guidance for deep buried tunnels at high temperatures and under high geostress.
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1. Introduction

Due to the needs of engineering construction and human activities, many deep buried tunnels
pass through complex nontectonic and geothermally active zones. Deep hard rock tunnels are
affected by not only brittle bursting hazards under the action of high geostress (Chen et al. 2013,
Feng and Hudson 2011, Li ef al. 2012, Zhang et al. 2012) but also by high geothermal hazards
(Rybach and Pfister 1994, Wilhelm and Rybach 2003). The mechanical properties of rock in a
tunnel with highgeothermal activity tunnel are affected by the temperature. High geostress and
high geothermal activity increase the complexity of the rock’s failure mechanism.

The Anfang tunnel in Japan (maximum depth of 700 m and ground temperature of 75°C, Chen
et al. 2014), the Simplon tunnel in Switzerland (maximum depth of 2,140 m and ground
temperature of 55°C, Toula 1917, Rybach and Pfister 1994), the Lotschberg and Gotthard tunnel
(Wilhelm and Rybach 2003), and the Maurienne-Ambin tunnel (Goy et al. 1996) all have high
geothermal activity. Additionally, in the Gaoligong tunnel in Yunnan of China, the maximum
principal stress is as high as 50 MPa, and the ground temperature of the surrounding rock can
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reach 70°C. Therefore, the Gaoligong tunnel suffers greatly from bursting and thermo-mechanical
coupling. The mechanical behavior of the rock in environments with high geostresses and high
geothermal activity must be studied further to understand deep hard rock tunnels.

In studies of the brittle failure of hard rock, some indexes have been proposed to describe the
characteristics of rockbursts; these include the stress index (Eberhardt et al. 1998, Martin 1993,
Meng et al. 2015, Singh 1987), the damage factor of the uniaxial compression strength (Diederichs
et al. 2004, Shen et al. 2014) and the energy index (Jiang et al. 2010, 2013). However, these
indexes do not consider the temperature.

In studies of thermal coupling in rock, Alm (1985), Brede and Haasen (1988), Wan et al. (2009),
Yavuz et al. (2010), Ranjith et al. (2012), Wisetsaen et al. (2015) and Liu and Xu (2015)
researched the mechanical characteristics of rock at high temperatures and high stresses. David et
al. (1999), Pan et al. (2009), Zhou et al. (2011), Koyama et al. (2013), Jiao et al. (2015) and
Amarasiri and Kodikara (2015) studied thermal cracking in hard rock. However, few studies have
considered the effect of the temperature on the brittleness of hard rock.

A considerable amount of research has focused on the thermal coupling of rock mechanics and
brittle failure in the form of bursting, but the mechanism underlying the brittleness of hard rock in
environments with high geothermal activity has not been revealed. Therefore, in this paper,
uniaxial compression tests were conducted at different temperatures to study the brittleness
mechanism of hard rock under the action of thermal coupling. The results show that increasing the
temperature aggravates the brittle failure of hard rock. Additionally, the analysis results contribute
to our understanding of the failure of deep tunnels in response to high geostress and high
geothermal activity.

2. Materials and methods
2.1 Materials

The Gaoligong mountain area of the Dali-Ruili Railway is located on the Yunnan-Burma and
Thailand-Asia plate near the collision suture zone of the Indian and Eurasian plates, as shown in
Fig. 1. The geostress in this area is high because of the intensive collision and compression of the
two plates. Therefore, its geological engineering characteristics include complex structures, intense
neotectonism, high geothermal activity and high geostress.

The region through which the Dali-Ruili Railway passes contains a variety of magmatic rocks
(e.g., granite, diorite, gabbro and basalt) of different ages. Severe brittle failure, such as bursting
and spalling, can be caused by high geostress in an area with hard rock. Additionally, the
surrounding rock fails, a process that is more complex in an environment with a high geothermal
activity. Therefore, the probability of bursting should be investigated based on the effects of the
high geostress and high geothermal activity conditions.

The rock samples used in the study are biotitic granite, and the fabricated precision of the
samples was in accordance with the standard of the International Society for Rock Mechanics. The
samples were formed into cylinders. The height was 10 cm (with an accuracy of 1 mm), and the
diameter was 5 cm. The ends, which were vertical relative to the axis of the sample, were parallel
to within 0.02 mm, and the deviation between each end and the axis was less than 0.2°. In addition,
the bearing frame and the diameter of the sample were of the same size to avoid errors in the
compressive strength measurements.
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Fig. 1 Regional geological background of the Dali-Ruili Railway
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Fig. 2 MTS 815 test system

2.2 Methods

Uniaxial compression tests of the rock were performed under unconfined conditions. The
stress-strain process included an initial loading stage, a linear elastic stage, an obvious crack stage,
a peak compressive strength stage, and a post-peak stage in which stress decreases significantly.
The axial and lateral deformations of the sample were tested throughout the stress-strain process.

A thermal rigidity servo testing machine (an MTS815 test system) was employed in the

uniaxial compression tests of the granite samples (Fig. 2). The temperature range of the MTS is
from room temperature to 200°C. The MTS system can track the overall process of rock failure
and the full stress-strain curve of rock at different temperatures because of its good dynamics and
static stiffness.
The test temperature could be fixed at five levels: 20, 40, 60, 90 and 130°C. The heating
equipment in the uniaxial test was a DHG-9203 electro-thermostatic blast oven (Fig. 3). The
temperature was held constant for 2 h after it reached the set temperature. The loading rate was
controlled at an axial displacement rate of 0.1 mm/min in the elastic deformation stage and then,
by a lateral deformation rate of 0.03 mm/min until ultimate failure, when the sample entered the
failure stage.
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Fig. 3 Heating equipment

Table 1 Physical properties and the temperature setup of the samples for uniaxial
compression testing

No. Diameter x Height Densigy Temperature

(mm) (g/enr) (°O)
A-20 51.0 x 98.7 2.6 20
B-20 50.9 x99.8 2.6 20
C-20 50.8 x 99.1 2.7 20
A-40 50.7 x 99.4 2.6 40
B-40 50.7 x 99.6 2.6 40
C-40 50.7 x 99.1 2.7 40
D-40 50.9 x99.6 2.7 40
A-60 50.8 x99.3 2.7 60
B-60 50.7 x 99.3 2.7 60
C-60 50.9 x 100.0 2.6 60
A-90 50.7 x 99.4 2.6 90
B-90 50.8 x 100.0 2.7 90
C-90 51.0 x99.1 2.7 90
A-130 50.7 x 99.8 2.7 130
B-130 50.8 X 98.9 2.7 130
C-130 50.9 x99.5 2.6 130
D-130 50.7 x 99.7 2.6 130

The complete stress-strain curve was measured, enabling the calculation of the uniaxial
compressive strength, residual strength, Young’s modulus and Poisson’s ratio at different
temperatures. The physical properties and the temperature setup are shown in Table 1.

2.3 Testing program

2.3.1 Stress-strain characteristics
The axial strain, lateral strain and volumetric strain were analyzed as functions of the axial load.
Crack initiation, damage and propagation during the progressive failure of hard rock can be
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Fig. 4 Typical stress-strain response recorded in a uniaxial compressive test (Nicksiar and Martin 2012)

identified using three curves (Nicksiar and Martin 2012). As shown in Fig. 4, the volumetric strain
can be determined as follows

&, =& +2¢ (D
where ¢, 1s the volumetric strain, ¢; is the axial strain, and ¢; is the lateral strain.

2.3.2 Mechanical parameters

The unconfined compression test was used to quickly obtain the approximate strength of rock
samples. The unconfined compressive strength (UCS), Young’s modulus and Poisson’s ratio were
calculated in this study. The UCS was taken as the peak stress with the corresponding axial strain
at failure in the stress-strain curve. The Young’s modulus (£) and Poisson’s ratio (1) were

calculated as follows

O,

E,, =—% 2
* €L50 ( )
where Es is the Young’s modulus of the rock (GPa), o is the stress at 50% of the peak, and &;5 is

the strain in the longitudinal direction when the stress is o5, and

£
d50
Hsg == 3)
8L50
where uso is the Poisson’s ratio, ¢;50 is the axial strain corresponding to o5y and &450 is the
circumferential strain corresponding to oso. The axial and circumferential strains are assumed to be
compressive and tensile, respectively.

2.3.3 Brittleness index for the probability of bursting

An investigation of the mechanism underlying arockburst should considerthe structure of the
rock mass, variations in the ground stress and other more complex factors. However, this paper
only considers the role of temperature and studies the effect of temperature on rockbursts.
Therefore, the test has been performed at different temperatures. The progressive failure of hard
rock includes three key stresses: the crack initiation stress, o.;, the volume expansion stress, g.q
(i.e., the onset of unstable crack growth), and the peak stress, oy It has been shown that the stress-
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strain curve indicates different initial, expansion and peak stresses at different temperatures.
However, taken together, the influence of temperature is most significant on the mechanical
properties of the sample during unstable crack growth and on the peak stress. Therefore, the
expansion stress and the peak stress index are determined to reflect the influence of the
temperature on the brittleness of the rock.

In addition, the value of 6., can be easily obtained because it corresponds to the maximum
volumetric strain on the volumetric strain curve (see Fig. 4). Expansion of the rock indicates the
onset of failure, and the relatively early appearance of ., can drive crack growth and energy
dissipation. Finally, this paper proposes another brittleness index for hard rock that includes the
possibility of brittle failure. The brittleness index is denoted by Px. A higher value of Py indicates
a higher possibility of bursting. Py is calculated as follows

Pp=et )

where Py indicates the probability of bursting, oy is the peak stress and o, is the expansion stress.

A smaller value of ¢., indicates greater crack penetration and more dissipated energy. The final
amount of energy released is small after the peak strength, oy, is reached, and the degree of brittle
failure is small. In contrast, there is no crack growth or energy dissipation in the rock when o, is
close to oy, which causesa large amount of energy to be released and ensures that the rock’s failure
is intense. In other words, the rock is more likely to burst.

3. Results and discussion

3.1 Stress-strain characteristics

Fig. 5 shows several stress-strain relationships, including axial stress-axial strain, axial stress-
lateral strain and axial stress-volume strain at different temperatures. The decrease in stress after
the peak is rapid at 20, 40 and 60°C. The brittle failure characteristic appears in the granite when
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Fig. 5 Three stress-strain curves at different temperatures (compression is positive; dilation is negative)
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Fig. 7 Volumetric strain as a function of temperature

the temperature is between 20°C and 60°C. Therefore, granite exhibits a tendency to burst in this
this experimental temperature range. The reason for this tendency is that the temperature
influences the capacity for storing elastic strain energy and the stress environment.

The type of failure changes from brittle to ductile at higher temperatures. Samples heated to
higher temperatures and compressed uniaxially deformed in a plastic manner, as did sandstone at
temperatures between 400°C and 950°C (Ranjith et al. 2012), mudstone between 600°C and
800°C (Zhang et al. 2014), granite between 400°C and 800°C (Chen et al. 2012), limestone
between 400°C and 600°C (Sygata et al. 2013), and marble at temperatures above 800°C (Zhang
et al. 2009). However, it is nearly impossible for the temperature of a tunnel with high geothermal
activity to exceed 100°C, and the brittle failure characteristic is clearly observed between room
temperature and 100°C.

Fig. 6 also shows axial stress-axial strain curves at different temperatures to examine the UCS,
Young’s modulus (£) and Poisson’s ratio (). Before failure, the curves differ somewhat in shape
and show considerable elastic deformation. After failure, the brittle deformation decreases sharply,
except at 120°C.

The dependence of the volumetric strain on the temperature is shown in Fig. 7. It can be seen
that the volume expansion stress, o.4, decreases significantly when the temperature is between
20°C and 40°C and then increases gradually as the temperature increases.

3.2 Mechanical parameters

Three samples were used for each temperature. The granite samples were collected from the
same block of rock in the Gaoligong mountains. Therefore, the homogeneity of the samples is
guaranteed, and the differences in the physical parameters between the samples are small. The
unique variable of the test is temperature, and only its effect on the on mechanical properties of the
sample is considered; the other conditions, such as the lithology and continuity of the sample, are
kept constant. Therefore, only the standard stress-strain curve for each temperature is shown in Fig.
7; the other curves are shown in the Appendix. The UCS, E, ¢ and 0.4 can be calculated using the
above mentioned stress-strain curves and equations. The test results are shown in Table 2. Small
changes in various parameters of the samples were found at a constant temperature; they are
shown in Table 2.
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Table 2 Uniaxial compressive test results

No. UCsS Average g Average Average Ocd Average
(MPa)  UCS (MPa) E u (MPa)  o.,(MPa)
A-20  92.86 34.8 0.154 39.09
B-20  93.87 92.93 342 3453  0.157  0.155 39.88 39.26
C-20  92.06 34.6 0.153 38.80
A-40  106.82 52.2 0.146 65.15
B-40  106.23 107.62 514 5267 0.149  0.146 66.10 65.22
D-40  109.80 54.4 0.144 64.40
A-60 101.62 34.6 0.120 60.10
B-60 101.16 101.34 341 3413  0.125  0.124 59.92 60.02
C-60 101.24 33.7 0.127 60.05
A-90 102.84 39.4 0.133 52.18
B-90 103.21 . . .
Coo loze 10294 37 T g o1 LY s
B-130  96.05 441 0.132 46.00
C-130  95.73 96.38 439 4340  0.131 0.132 45.90 45.86
D-130 97.36 42.2 0.132 45.69
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Fig. 8 UCS as a function of temperature

The dependence of the UCS on the temperature is shown in Fig. 8.

The UCS first increases and then decreases as the temperature increases. Its value increases by
15.54% between 20°C and 40°C and then decreases by 4.67%, 3.74%, and 10.28%, at 60, 90 and
130°C, respectively, in comparison with its value at 40°C. The decrement from 60°C to 130°C
gradually increases.

According to the above analysis, the UCS reaches its maximum at 40°C. The thermal
expansion of the minerals inside the rock results in partial closure of the original crack. Therefore,
the stiffness and strength increase at 40°C in response to increased temperature. The rock’s
strength may decrease as the temperature increases if the sample is heated to 1,000°C. However,
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Fig. 9 Young’s modulus as a function of temperature

there is a threshold temperature such that the UCS increases with the temperature when the
temperature is below the threshold and decreases as the temperature increases when the
temperature is above the threshold. The threshold is different for different rocks. The thresholds
for marble, sandstone, mudstone and sand slate are 100, 400, 600 and 1,000°C, respectively
(Sygata et al. 2013). In this paper, the UCS of granite changes slightly and reaches its maximum at
40°C. This result shows that the temperature range of 20-60°C is able to increase the UCS and
aggravate the brittle failure of hard rock. Moreover, the phase transition temperature of quartz,
which is the major constituent of granite, is 573°C (Chen et al. 2012). Therefore, the basic
physical and mechanical characteristics of the minerals in granite do not change when the
temperature is considerably below 573°C.

The dependence of Young’s modulus on the temperature is shown in Fig. 9.

The general trend of the Young’s modulus is to increase, decrease and then increase as the
temperature increases (Fig. 9). The Young’s modulus increases by 18.14 GPa between 20°C and
40°C and then decreases by 18.54GPa between 40°C and 60°C. Additionally, the Young’s modulus
increases by 4.64 GPa between 60°C and 90°C and then by 4.63GPa between 90°C and 130°C.

The Young’s modulus increases considerably when the temperature reaches 40°C.This is
probably because the rock’s mineral crystals expand considerably at this temperature due to
thermal action and the closure of internal micro cracks. Therefore, the ability to resist deformation
increases, which increases Young’s modulus. The internal crystals of the rock continue to expand
as the temperature increases, resulting in new cracks and decreasing Young’s modulus.

The measured values of Poisson’s ratio as a function of temperature are shown in Fig. 10.

The general trend of Poisson’s ratio is to decrease and then increase as the temperature
increases (Fig. 10). It can be found that Poisson’s ratio reaches its minimum at 60°C because the
rock’s mineral crystals expand considerably at this temperature. However, Poisson’s ratio increases
after reaching its minimum because the internal structure, water content and porosity of the rock
change as the temperature increases.

The deformation of a rock determined by Young’s modulus and Poisson’s ratio depends mainly
on the stiffness of the minerals that comprise it and the density, moisture and porosity. The
Young’s modulus increases by 34%, 50% and 60% at 400°C compared with its value at room
temperature for the two types of sandstone and mudstone (Sygata et al. 2013). The changes in the
Young’s modulus and the UCS exhibit the same characteristics at different temperatures.



Characterization of the brittleness of hard rock at different temperatures using... 73

0.18
016
0.155 0.146
_0l4p
2 0.132
0.132
012} 0.124
OIO 1 1 1 1 1 1
0 200 40 60 80 100 120 140

7/°C

Fig. 10 Poisson’s ratio as a function of temperature

3.3 Brittleness index for the possibility of bursting

The brittle failure of rock is a gradual process: in the first stage, the original crack closes, and
then, a new crack develops stably; in the second stage, connection, penetration, intersection, shear
sliding or splitting of the crack occurs; finally, macroscopic shear or a split fractured face is
formed, and the rock fails.

The initiation stress, o,;, is often used to estimate the brittleness mechanisms of rock (Cai et al.
2004, Martin 1993). The brittleness of different types of rock with different mineral compositions
and different grain sizes is estimated effectively by o, (Martin 1993, Xue et al. 2014). However,
the initiation stress, o.;, is difficult to obtain by acoustic emission and other methods (Liu et al.
2014). Furthermore, the difference in o, is small for a given rock at different temperatures.
Therefore, the expansion stress, o.,4, is another feasible index for estimating the brittleness of hard
rock (Xue et al. 2014). It can also be used to identify the brittleness mechanisms of a given rock at
different temperatures.

The expansion stress, o.4, is also called the initial point of unsteady growth of a crack. It is also
known as the damage strength, which increases damage to the internal rock. Thereafter, the cracks
begin to connect and intersect, and the rock enters the apparent expansion stage. The crack growth
process is continuously unsteady until failure when the stress applied to the rock is larger than oy,
even if it is constant. From an energy standpoint, the internal elastic strain energy is rapidly
released during penetration of the fracture surface once the stress reaches the peak strength. The
cracks in the rock begin to penetrate, causing the release of cumulative strain energy, when the
stress applied to the rock is greater than 4. If the expansion stress appears at an early stage (when
0.4 1s small), then, the energy dissipation is high before the peak strength is reached, and the final
released energy decreases after the peak strength is reached.

Therefore, Pr can be calculated using Table 2 and Eq. (4), and the results are shown in Table 3.

Py, first increases from 20°C to 40°C and then decreases when the temperature exceeds 40°C
(Fig. 11). The maximum of Py is between 40°C and 60°C. In other words, the possibility of
bursting and brittle failure is higher in this temperature range. Chen et al. (2014) found similar
characteristics for brittle rock at different temperatures. The brittle failure of Aspd diorite was
aggravated by heated thermal loading in an Aspd pillar (Koyama et al. 2013).

The dependence of P on the temperature is shown in Fig. 11.
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Table 3 Py at different temperatures

Temperature Peak stress oy (MPa) Expansion stress o.; (MPa) P
20°C 92.93 39.26 0.42
40°C 107.62 65.22 0.61
60°C 101.34 60.02 0.59
90°C 102.94 52.17 0.51
130°C 96.38 45.86 0.48
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Fig. 11 Py as a function of temperature

The uniaxial compression failure mechanism is related to mineral components of biotite granite,
such as hornblende, quartz, feldspar, and mica, under the action of temperature. The physical and
mechanical properties and cementing form of the mineral components are altered as the
temperature increases. The crack closure behavior during compression is an intrinsic property of
thehard rock (Peng et al. 2015). Thermal stress is produced between the mineral grains, causing
volume transformation of the interior minerals and closure of the original micro cracks.

3.4 Failure characteristics

Failure models of rock samples at different temperatures are shown in Fig. 12. In general, shear
and tensile failure are observed in the uniaxial compressive test. Shear failure occurs mainly at
20°C, and tensile failure occurs between 40°C and 130°C. The failure models of biotitic granite
with a tendency to burst transition from shear failure to tensile failure as the temperature increases
under unidirectional stress.

New micro cracks are generated as particles separate and the tensile strength decreases as the
temperature increases continuously. The tensile strength of the samples is weakened by thermal
action under axial loading, and fissures develop parallel to the axial force. The test results show
that the type of failure changes from shear failure to tensile failure because of the increasing
temperature. The change in the failure mode, which can be distinguished quantitatively by
monitoring using an acoustic emission or a high-speed camera from amicroscopic perspective, can
be easily observed in the failed samples at different temperatures. Microscopic monitoring of the
failure processes of samples will be included in future tests.
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Fig. 12 Shear and tensile failure with increasing temperature

4. Conclusions

The basic mechanical parameters of rock at high temperatures have been widely studied. The
strength of rock generally decreases as the temperature increases. However, no quantitative
assessment of brittleness is available for hard rock at different temperatures. This study proposes a
brittleness index, and the brittleness of granite is found to be strengthened by thermal loading at
temperatures ranging between 20°C and 60°C.

® The thermal stress caused by the thermal load affects internal micro cracks and changes the
brittleness of the hard rock. The UCS and the Young’s modulus increase at 40°C because of
the closure of internal micro cracks. Therefore, increasing the temperature within the range
from 20 to 60°C increases the strength of granite.

® The volumetric strain and expansion points also represent the failure of hard rock. PR,
which represents the probability of brittle failure, is proposed for the same rock at different
temperatures in this paper. The maximum values of P occurs at 40°C and 60°C. Bursting is
more likely in tunnels where the surrounding rock is between 20°C and 60°C.

e The tensile strength is decreased by thermal action under axial loading, and fissures develop
parallel to the axial force. The type of failure changes from shear to tensile as the
temperature increases.
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