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Abstract: Hot dry rock is developed by injecting cold water into high-temperature rock mass. At the
same time, cold water is heated in contact with the rock mass. With the continuous influx of cold water,
the surrounding rock will undergo a rapid cooling process, which results in several cycles of heating
and cooling. However, there is little research on the influence of cycles of heating and cooling with
circulating water on the mechanical properties of rock, which is of great importance to the stability of
rock mass engineering in the process of energy development. In this paper, the effects of cyclic heating
and cooling with circulating water on the damage of granite are studied using uniaxial compressive,
Brazilian and acoustic emission (AE) tests. The results show that heat treatment temperature and
number of cycles have important effects on the mechanical properties of granite as follows: (1) at the
same treatment temperature, an increase in the number of cycles means that the distribution of
physical and mechanical parameters of the granite show an almost exponential downward trend.
The uniaxial compression of granite results in its transformation from brittle to plastic, and the
failure mode changes from slipping of the shear surface to plastic failure. With increased cycles of
heating and cooling with circulating water, the tensile strength of granite also decreases; temperature
has an obvious influence on physical and mechanical parameters, cracking of samples, and plays a
controlling role in the failure mode of samples. In addition, (2) at the same temperature, the heating
and cooling numbers N have a significant influence on the AE distribution characteristics of the
sample under uniaxial compression and the number of AE collisions, and the cumulative number of
AE decreases with the increase of N. (3) The concepts of mechanical damage and high-temperature
and cold-water shock damage during uniaxial compression of samples were proposed based on AE,
and the damage equations were established respectively. The curve equations of damage value (D)
and cycle numbers N after thermal shock damage of high temperature and cold water were overlaid.
The cracking mechanism of high-temperature and cold water impact on granite was analyzed, and the
thermal shock stress equation of high temperature and water cooling was established.

Keywords: damage; cyclic heating and cooling; physical and mechanical parameters; failure mode;
acoustic emission

1. Introduction

With the increased development of geothermal resources and nuclear waste storage technology,
seepage mechanics of fractured rock mass and high-temperature rock damage has become a hot
research topic [1–7].
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In previous literature, researchers have carried out work that examines the mechanical properties
of rock after exposure to high temperatures, including the deformation process, failure criterion of
rock under pressure, and thermal cracking, and provided constitutive equations and carried out
rock damage characterization in response [8–13]. Many scholars have paid attention to the study of
high-temperature rock damage [14–17]. Yu et al. [18] built a mesostructure based on the numerical
model for the analysis of rock thermal cracking based on elastic damage mechanics and thermal-elastic
theory. In addition, the damage accumulation induced by thermal (T) and mechanical (M) loads is
considered to modify the elastic modulus, strength and thermal properties of individual elements in
line with the intensity of damage. Yang et al. [19] across an experimental investigation on thermal
damage and failure of mechanical behavior of granite after exposure to different high-temperature
treatments, found that the internal damage mechanism of rock is obviously affected by temperature.

Acoustic emission (AE) technology is widely used in material damage monitoring and
evaluation [20–26]. The AE patterns of rocks at different temperatures were studied under uniaxial
compression and the relationship between rock damage and AE was established. Wu et al. [27]
studied the relationship between microstructure morphology and AE of granite found: with increase
of temperature, there was more internal crack formation and internal damage for granite, and more
frequent AE activity of granite under uniaxial compression. The mechanical properties and AE
characteristics of granite with the formation of internal crack networks of granite has a corresponding
relationship. The peak stress curve and ringing cumulative number curve of granite have a stable
trend when crack expansion is slow. However, the peak stress and the ringing cumulative number
curve of granite will have inflection point and lead to mutation when the crack network expands
rapidly. Chen et al. [28] used AE technology to evaluate the fracture strength and energy value of hard
rock and concluded that AE and index increased with the increase of rock temperature. A study on the
mechanical characteristics of high-temperature rocks after cooling is in the center of scientific research
interests [29–34]. They studied the effects of different cooling rates and methods on mechanical
parameters, strength cracking and failure modes of high-temperature rocks. Shao et al. [35] studied
the effects of the cooling rate and the constituent grain size on the mechanical behavior of heated rock.
They found that larger-grain granite rocks are more affected by water quenching, rocks that have been
slowly cooled have areas with greater crack growth, and the stress threshold of medium-grain rocks
that have been slowly cooled is affected.

However, studies on the mechanical properties and damage to granite during water cycle cooling
have rarely been conducted. A laboratory experiment was designed in view of the current engineering
application in drilling and underground space engineering fire rescues [36], especially for the study of
rock mechanics in the process of dry hot rock development. In this study, the effects of the cycles of
heating and cooling with circulating water on the physical and mechanical parameters, damage of
granite and failure mode are studied by carrying out uniaxial compression, and Brazilian and AE
tests. In addition, we established the damage equation of rock samples based on the characteristics of
AE data.

2. Materials and Methods

2.1. Sample Collection and Preparation

The granite samples used in the experiment originated from Zhangzhou City in Fujian Province,
China. These rocks are naturally gray and white in color, and compact and uniform with no voids
or cracks on their surface. The main minerals determined by X-ray diffraction are feldspar 35%,
quartz 40%, amphibole 20% and mica 5%. The initial moisture content of the sample is 0.31%.
The average density is 2.97 g/cm3.

The samples were all taken from a cylindrical core drilled from a piece of granite stone
which has uniform texture and were cut into normative Φ (50 ± 2) × (100 ± 2) mm cylinders.
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Samples are as shown in Figure 1a. The dimensions of the sample for the Brazilian test are a standard
(50 ± 2) mm × (25 ± 2) mm cylinders.

For this study, dry granite is exposed to temperatures of 250 ◦C, 350 ◦C, 450 ◦C, 550 ◦C, and 650 ◦C
and the granite underwent many cycles of heating and then cooling with water, and then the mechanical
properties of each sample were examined. Each sample underwent 0, 1, 5, 10, 15 and 20 cycles of
heating and then cooling with water for each temperature respectively. Zero (0) denotes that the
sample is naturally cooling at room temperature.

The samples were heated to the set temperature in a high-temperature furnace (type MXQ 1700)
made in Shanghai (Micro-X Furnace Co. Ltd. (Shanghai, China)) at the rate of 10 ◦C/min and
were maintained at the designated temperature for 2 h. The heating furnace has high precision of
temperature control such that control accuracy error is ±1 ◦C, which meets the requirements of these
experiments, as shown in Figure 1b. Then, the samples were quickly taken out of the furnace by the
crucible tongs and placed in a container filled with cold water and cooled to room temperature and
dried. In this process, the contact temperature of the sample with cold water will be lower than the
set temperature, which will influence the experimental results. This procedure represents one cycle
of heating and then cooling with water. Figure 2 shows the scheme of circulating heating and water
cooling of the sample.
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2.2. Experimental Equipment

As shown in Figure 3, the experimental system comprises a loading system and a data acquisition
system. The loading system is an MTS816 servo hydraulic testing machine that is located at the China
University of Mining and Technology. The MTS816 testing machine has stable performance and a
sensitive control system, and it is the most advanced laboratory testing equipment for rock mechanics
in the world. The loading method is displacement control and the loading speed is 0.002 mm/min.
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Prior to carrying out the uniaxial compression test, the sample was coated with a layer of lubricant
to reduce the friction between the sample and the pressure head. The loading and data acquisition
system mainly recorded the stress strain, AE signals and digital images. The latter were obtained
with a high-speed camera which was used to capture the evolution of fractures on the samples during
loading, while a DS2 acoustic emission signal analyzer recorded the AE signals of the samples.
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3. Results and Discussion

3.1. Characteristics of Mechanical Strength of Granite

The stress-time curves of the two samples exposed to a temperature of 250 ◦C under uniaxial
compression are shown in Figure 4a. The plot shows that the average peak strength, failure time,
and average and secant modulus of the two samples are 123.09 MPa, 552.5 s, and 99.69 GPa and
69.25 GPa respectively, and the dispersion coefficients are 1.99 × 10−2, 0.90 × 10−2, 2.92 × 10−3

and 1.34 × 10−2 respectively. Figure 4b shows that the average tensile strength and failure time are
4.765 MPa and 119 s, respectively, and their dispersion coefficients are 0.11 × 10−2 and 3.4 × 10−2

respectively. The granite used in this study is quite homogeneous and the mechanical parameters show
few differences, so the granite is suitable for quantitative analysis of its mechanical properties after
cyclic heating and cooling. It can be seen from Figure 4 that there is no obvious yielding, which shows
that the granite samples are highly brittle.
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Figure 4. Peak and tensile intensity changes with time. (a) Peak intensity changes with time;
(b) Tensile strength changes with time.
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Figure 5a–e are plots of the strength of granite versus a different number of cycles of heating
and cooling with circulating water at temperatures of 350 ◦C, 450 ◦C, 550 ◦C and 650 ◦C respectively.
Figure 5f shows the peak strength based on the acoustic intensity test (peak intensity) at different
temperatures and Figure 5g is the ratio of the peak strength after cooling with water to peak strength
after cooling in air. Figure 5a–e show that the uniaxial compression of granite undergoes three stages
of changes: pore compression, and elastic and strain softening deformations. Figure 5f shows that the
cycles with water cooling have a significant effect on the peak strength of the granite and therefore
cracking. With an increase in the number of cycles and increases in temperature, the elasticity and
characteristics of the samples are gradually reduced and their strain softening behavior is increased.
Therefore, with temperature increases, the granite is transformed from brittle to plastic. Figure 5a
shows that at a temperature of 250 ◦C, the peak strength of the sample is 111.66 MPa while the peak
intensity is 103.16 MPa after one cycle of heating and cooling with circulating water; the difference
between the peak strength and peak intensity of the sample is 7.61%. The samples are very brittle.
After 5 cycles of heating and cooling with circulating water, the peak strength before cracking of
the sample of 90.51 MPa is equal to 81.06% of the peak strength of the sample after air cooling;
the sample is obviously less brittle. After 5 cycles, the sample begins to transform from brittle to plastic.
After 10 cycles, the peak strength of the sample is 71.69 MPa, which is equal to 64.20% of the peak
strength of the sample after air cooling, and the material becomes obviously more plastic. After 15 and
20 cycles, the peak strength of the samples is 52.91 MPa and 50.52 MPa respectively, which is equal
to 47.38% and 45.25% of the peak strength of the samples after air cooling. The samples obviously
become more plastic, and the declining of the peak strength has stopped. The range of peak strengths
that results in cracking is reduced after 15 cycles of heating at 250 ◦C and cooling with circulating
water, and tends toward a constant.

The transformation from brittleness to ductility is not only affected by the number of cycles of
heating and cooling with circulating water, but also the temperature. Figure 4a–e show that when
the samples undergo 15 cycles at a temperature that is under 250 ◦C, there are no signs of brittle
failure, but the material becomes more plastic. At temperatures of 350 ◦C, 450 ◦C, 550 ◦C, and 650 ◦C,
the samples become more plastic after 5, 1, 1 and 0 cycles of heating and cooling with circulating
water, respectively. Therefore, during the cycles, temperature plays a decisive role in the brittle to
plastic transformation of granite. Figure 5f shows that with an increase in the number of cycles,
the peak strength of granite at 250 ◦C decreases linearly. When the number of cycles is increased from
10 to 20, the peak strength shows a downward trend. With 20 cycles, the peak strength of the granite
at temperatures of 350 ◦C to 650 ◦C undergoes three stages: Stage I is the rapid decline of the peak
strength, Stage II is when the decline of the peak strength is reduced, and in Stage III, the peak strength
is constant. In all three stages, there are further gradual decreases in the peak intensity of the samples
with increases in temperature. The plot in Figure 5f is fitted with an exponential function in accordance
with the parameters in Table 1.

Table 1. Fitting formulas of mechanical parameters after cyclic heating and cooling with circulating water.

Temperature Mechanical Parameters Fitting Formula (N:Cycle Numbers) R2

250 ◦C Peak stress σmax = 122.16 exp (−N/25.55) − 11.69 0.9921
350 ◦C Peak stress σmax = 60.65 exp (−N/5.24) + 42.04 0.9337
450 ◦C Peak stress σmax = 38.93 exp (−N/11.34) + 34.45 0.9056
550 ◦C Peak stress σmax = 19.31 exp (−N/6.56) + 37.24 0.8518
650 ◦C Peak stress σmax = 9.25 exp (−N/0.31) − 6.79 exp (N/6.17) + 6.79 0.8674
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3.2. Mechanical Tensile Strength of Granite after Cyclic Heating and Cooling with Circulating Water

Figure 6a shows that the tensile strength of granite is significantly reduced with increased number
of cycles, and the effect of temperature on the tensile strength of granite is significant. After 10 cycles,
cracking due to reduced tensile strength of the sample is minimal at a heating temperature of 250 ◦C,
in which the tensile strength of the samples is reduced from 4.57 MPa to 4.39 MPa. The rate of cracking
with lower tensile strength is higher at higher temperatures. This is especially true of the sample that
was exposed to a temperature of 650 ◦C, in which the tensile strength is reduced from 2.22 MPa to
0.80 MPa, or a reduction of 64.19%. After 10 to 20 cycles, the rate of cracking with lower tensile strength
is high at 250 ◦C; however, the tensile strength of the sample is slowly reduced with higher heating
temperatures, in particular 650 ◦C, so that the rate of cracking is slowly increased. Thus, the cycles
of heating and cooling with circulating water of granite carried out at high temperatures have a very
significant impact on its tensile strength.

The tensile strength data from several experiments [37–39] are compared with the results of this
study is shown in Figure 6b. It is observed that a faster rate of decline occurs at temperatures higher
than 450 ◦C from Figure 6b. This is caused by changes in the internal structure of the granite minerals
as a result of the heat. The volume expansion of quartz has increased dramatically between 450 and
550 ◦C. Due to the rapid expansion in the quartz volume, cracks occur between the quartz, feldspar
and hornblende, causing the rapid decline in the strength at this stage.
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Figure 6. Tensile strength of granite after different temperature and cyclic treatment. (a) Tensile strength
of granite; (b) Comparison of tensile strength of granite.

3.3. AE Characteristics of Rock Samples after Cyclic Heating and Water Cooling

AE impact is a signal whose amplitude exceeds the threshold value. The data obtained by the
monitoring channel, the number of signals detected at a certain time, is the number of AE collisions, and
the cumulative number of AE impacts is the cumulative number of impacts at each stage. The number
of impacts which has a good correspondence with the development, expansion, confluence and
transfixion of cracks in rocks reflects the activity of AE from rocks [19]. In this paper, we only analyze
AE parameters of granite specimens under uniaxial compression after cyclic heating and cooling at
250 ◦C because of the length of the article. Figure 7 is the stress-time curve and AE characteristic curve
of rock sample after cyclic heating and cooling at 250 ◦C.

Figure 7a is the rock sample in the natural state of cooling, i.e., the number of cycles is 0. In the
initial compaction stage (oa), the number of AE collisions is small, which is generated by the closure of
a small number of primary cracks, and the AE collisions are in a quiet period. Starting from the elastic
stage (segment ab), the number of impacts began to increase, and a smaller number of AE events
occur, and the number of AE stabilizes at a lower level. When entering the stable crack propagation
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stage (bc), the number of impacts increases rapidly, and a large AE event occurs, which indicates that
the cracks in the rock sample are gradually expanding and converging, and the AE number enters
the active period. When entering the unstable crack propagation stage (cd), the number of impacts
suddenly rises to the peak, and the cumulative number of AE rises steeply. At point d of peak intensity,
the maximum number of AE impacts is reached, and the rock sample corresponds to the penetration
of macroscopic cracks after the peak (de), and the number of impacts decreased, but there was still
a small amount of AE activity and maintained a high level. Figure 7a shows two stress drops in the
stress curve. New macroscopic cracks can be observed during each stress drop during the test and
meanwhile many AE events will appear on the AE characteristic curve showing that AE monitoring
can reflect the rock damage process accurately.
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Figure 7. AE counts and accumulated of granite specimens with respect to cycle numbers at 250°C. 
Figure 7. AE counts and accumulated of granite specimens with respect to cycle numbers at 250 ◦C.

As shown in Figure 7b–f, the AE characteristics of rock samples after circulating high temperature
and water cooling, especially those after 10 cycles, are significantly different from those of cooling rock
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samples under natural conditions. Rock samples have very few AE signals at the initial compaction
stage, indicating that there are fewer AE collisions, which indicates that the thermal damage caused by
repeated high temperature and water cooling is greater and the internal pores and fractures of the rock
sample are damaged. The number of impacts remained low when entering the elastic stage and AE
numbers entered the quiet period. When the rock sample enters the stable crack propagation stage,
the number of impacts increases, and the acoustic emission event is in the active period, which can be
distinguished from the elastic phase; however, the AE activity of rock samples is not as strong as that
of natural cooling. When the rock sample enters the unstable crack propagation stage, the number
of AE collisions will suddenly rise to a small peak, but the increase degree of impact number is not
as severe as that of natural cooling. The number of impacts does not reach the peak when the stress
reaches the peak intensity, but lags behind the peak intensity. In general, after several cycles of high
temperature and water cooling, the initial damage of rock sample becomes bigger and makes the
AE signal inactive at the initial stage of loading. Because the thermal fracture increases the ductility
of rock samples, starting with the elastic phase, AE impingement is less active than natural cooling,
so the gradual failure process becomes slower than that of natural cooling as strain increases. With the
increase of the number of cycles of high temperature and water cooling, the number of AE events
accumulated in the sample under uniaxial compression decreased.

3.4. Rock Damage Analysis

3.4.1. Uniaxial Compression Mechanical Damage

Since the evolution of rock micro-defects is a random change, it can be considered that the strength
distribution of microelements obeys Weibull distribution, and its distribution density function is:

∅ε = m/αεm−1 exp(−εm/α), (1)

∅ε is micro-element damage rate of sample under loading. Because the law of AE activity is
basically consistent with the statistical distribution of internal defects of materials, when the whole
cross section of the damage accumulation of AE is Ωm, the accumulated AE of the sample compressed
to destroy is:

Ω = Ωm

∫ ε

0
∅(x)dx, (2)

Equation (1) is substituted into Equation (2) and then integrated to get Equation (3):

Ω/Ωm = 1 − exp(−εm/α), (3)

There is the following relationship between the damage parameter D and the probability density
of micro-element failure:

D =
∫ ε

0
∅(x)dx = 1 − exp(−εm/α), (4)

Compared with Equation (3) and Equation (4), the uniaxial compression mechanical damage can
be obtained as follows:

D = Ω/Ωm, (5)

Mechanical damage curves of rock samples at different temperatures are drawn based on AE
experimental data, as shown in Figure 8, which shows that in the initial compaction stage, the primary
pores and fractures in granite are compacted, and the damage variable is almost 0. Then, the damage
variable increases slightly, and the deformation damage in this stage is mainly caused by elastic
deformation of rock sample mineral particles. The mechanical damage of rock samples in these
two stages is less affected by temperature and water-cooling times N. The rock is in the stage of
unstable fracture when the stress reaches about 60% of the ultimate strength. The damage variable
increases rapidly because of friction, dislocation occurs between granite particles, and new cracks
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occur. Therefore, 0.6σb can be used as the threshold stress value of granite damage [40]. When the
ultimate strength is exceeded, the damage value gradually approaches 1 and the rock sample tends
to be damaged. At the same time, it can be seen from Figure 8 that under the same temperature and
stress, the mechanical damage becomes greater with the increase of the number N of high temperature
and water cooling, indicating that high temperature and water cooling have caused thermal damage
to the rock sample.
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3.4.2. Heat Shock Damage of High Temperature and Cold Water

The elastic modulus is taken as the damage variable of rock sample to characterize the effect of
the numbers of cyclic heating and water cooling on the mechanical properties of rock. Thermal shock
damage of rock sample is 0 when the specimen is in the natural state at 25 ◦C. The elastic modulus
of each sample at each test temperature was treated after 20 cycles of heating and water cooling;
the thermal shock damage factor was defined as follows:

DT = 1 − E(N)
T /E0, (6)

In the above formula, E(N)
T is the elastic modulus of granite after N times of circulating water

cooling at temperature T, E0 is the elastic modulus of granite in its natural state at 25 ◦C, shock damage
D of heat−water at different temperatures is shown in Figure 8 and the damage fitting equation is
shown in Table 2.

Table 2. Fitting curve equations of damage D value and cycle number N of samples.

Temperature Thermal Shock Fitting Formula (N:Cycle Numbers) R2

250 ◦C D D = −0.0168 N + 0.0124 N2 − 9.69 × 10−2 N3 + 2.261 × 10−5 N4 0.9902
350 ◦C D D = −0.0916 N − 0.004 N2 + 8.47 × 10−6 N3 + 3013 × 10−6 N4 0.9997
450 ◦C D D = 0.0693 N − 0.0065 N2 + 3.25 × 10−4 N3 − 5.868 × 10−6 N4 0.9654
550 ◦C D D = 0.0274 N + 0.0015 N2 − 2.50 × 10−4 N3 + 6.94 × 10−6 N4 0.9943
650 ◦C D D = 0.08975 N − 0.01308 N2 + 7.88 × 10−4 N3 − 1.614 × 10−5 N4 0.9675

As can be seen from Figure 9, the D value of specimen damage increases with the increase of N at
the same temperature. This is due to the appearance of tiny cracks in the surface of the granite specimen
during the cold and thermal cycle, which is spread throughout the whole sample, cutting the rock mass
and destroying the internal structure of the specimen leads to the reduction of the bearing capacity of
the rock. The surface rock of the specimen is further softened by water action, which increases the
accumulation of irreparable deformation, leads to the further expansion of the existing crack depth
and the increases of the number of cracks, so the damage value increases gradually when the structural
connection of rock is destroyed. At the same number of cycles of high temperature and cold water
and as the temperature goes up, the damage value N gradually increases because the thermal tensile
stress of granite exceeds the tensile strength of the material itself, the material will undergo thermal
damage. The higher the temperature of the specimen itself, the greater the tensile stress on its surface.
Tensile cracks will occur on the surface of the specimen when the tensile strength of the rock exceeds
the tensile strength. The external temperature of the specimen decreases sharply but the internal
temperature is relatively high during rapid cooling, the tensile crack on the surface of specimen and
the excess part of material is caused by external shrinkage and internal expansion. In the heating
process, more dorsal cracks are produced at the excess part of the material due to external expansion
and internal contraction. Because the external temperature rises sharply, and the internal temperature
decreases relatively, there will be more tiny cracks in the rock than expected.
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3.4.3. The Cracking Mechanism of Granite under High-Temperature and Cold-Water Impact

The total strain of the rock samples under different temperatures after cooling by cold water is
ε. Suppose the rock sample contains n kinds of mineral particles, the thermal expansion coefficient
of each mineral particle after N cycles of cold and heat is α1

(N), α2
(N) . . . αi

(N) . . . αn
(N), the elastic

modulus are E1
(N), E2

(N) . . . Ei
(N) . . . En

(N) respectively. Suppose the granite sample is elastic material,
the stress of each mineral particle in the sample after repeated heating and cooling can be obtained
as follows:

σ1
(N) = E1

(N)(α1
(N)∆T − ε), σ2

(N) = E2
(N)(α2

(N)∆T − ε) . . . σi
(N) = Ei

(N)(αi
(N)∆T − ε) . . . σn

(N) = En
(N)(αn

(N)∆T − ε), (7)

Due to in the process of rapid cooling there is only thermal shock and there is no other external
force, the following Equation (8) can be established according to the mechanical equilibrium condition:

n

∑
i=1

E(N)
i

(
α
(N)
i ∆T − ε

)
= 0 (8)

The total strain ε can be solved by Equation (8):

ε =
n

∑
i=1

E(N)
i α

(N)
i ∆T/

n

∑
i=1

E(N)
i , (9)

Substituting the strain ε into the stress expressions, the thermal shock stress of each mineral
particle is:

σ
(N)
i = E(N)

i ∆T

[
n

∑
j=1

E(N)
j

(
α
(N)
i − α

(N)
j

)]
/

n

∑
i=1

E(N)
i (10)

In the process of high-temperature water cooling of rock sample, the compressive stress of highly
deformed mineral particles is σic, and the tensile stress of small deformed mineral particles is σit.
Suppose σc and σt are the compressive strength and tensile strength of rock sample respectively.
When σic ≥ σc or σit ≥ σt, thermal cracking occurs in rocks. Because granite is a relatively dense rock,
when it is heated at high temperature and cooled by water, the deformation of mineral particles cannot
be developed freely to a certain extent and the thermal stress of the structure is large. As a result,
micro-fractures in rock samples increase. The deformation of mineral particles cannot be developed
freely to a certain extent due to granite being a relatively dense rock during high-temperature heating
and water cooling, therefore, the thermal stress of the structure produced by the particles is large,
leading to the increase of micro-cracks in the rock sample. Even without external force, the thermal
stress of the structure in rock sample increases with temperature is obvious. From what has been
discussed above, after N cycles of high temperature and water cooling, the change from the original
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complete structure to the fractured rock structure caused by thermal shock stress accumulation is the
main reason of rock strength damage.

3.5. Failure Mode of Granite at Different Temperatures

As shown in Figure 10a, brittle shear failure of the granite occurs after 1–10 cycles of heat
treatment at 250 ◦C, such that the sample is broken into pieces. At the moment of failure, the sample
releases large amounts of elastic energy, and breaks into large pieces, and the AE signals immediately
increase. After 10 cycles, the brittleness of the samples is gradually reduced. During uniaxial loading,
shear failure occurs in the granite, there is spalling on the surface, and no significant changes in the
color of the sample.

As shown in Figure 10b, brittle failure occurs in the granite samples at a temperature of 350 ◦C
after 1 to 5 cycles of heating and cooling with water. Slipping of the shear surface is mainly found in
the samples, but the amount of damage is significantly reduced, and results in flaking and spalling in
the middle of the sample. After 10–15 cycles, there is plastic failure of the samples, and the middle
part flakes first during uniaxial loading. During the failure process, there is an increase in granite
powder which shows that there is slipping of the shear surface. After 20 cycles, the color of the samples
changes from a gray to pale yellow color.
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In Figure 10c,d, there is brittle failure of the granite samples at temperatures of 450 ◦C and
550 ◦C after 1 cycle and cracks are found on the samples. Shear failure is found in the samples under
uniaxial compression, but there is release of the elastic energy and therefore the amount of damage
is significantly less, with flaking of a small area of the surface material. After 5 cycles, plastic failure
occurs in the samples, and the middle of the sample flakes first under uniaxial loading, and then
there is spalling in the middle of the sample. In the process of failure, the size of the granite powder
particles increases significantly with less shear slipping of the sample while incurring more shear
failure. The color of the samples gradually changes from gray to yellow and then to pale yellow.

The mechanical parameters of granite at a temperature of 650 ◦C in Figure 10e are obviously
changed after air cooling from brittle to plastic. After 1 cycle, a cross shear failure surface develops
with a smaller number of layered blocks of granite. After 5 cycles, uniaxial loading causes the
sample to change from flaking/spalling to particle detachment, and shows layers of a failed surface.
With increases in the number of cycles, failure appears in the center of the sample. After the sample
has undergone 15 cycles, the material has lost most of the cohesion and bonding between particles and
the granite is changed to a granular material. After 5 cycles, the color of the sample changes from gray
to light yellow and then to dark yellow.

In summary, the heat treatment temperature and cycles of heating and cooling with circulating
water have important impacts on the failure mode of granite, with greater impacts on the internal
structure of the granite at higher temperatures when rapid cooling with water takes place. The force of



Processes 2018, 6, 0101 16 of 20

the thermal shock produces new cracks in the granite, and elongates the previous cracks. In addition,
the granite particles are less compact when cooled rapidly with water, which is also the reason for the
transformation of the granite from brittle to plastic. Thermal shock occurs during cycles of heating
and cooling with circulating water at high temperatures. Higher temperatures result in more intense
thermal shocks, as well as more obvious deterioration of the internal structure and changes in the
chemical composition of the granite.

3.6. Analysis and Discussion

Figure 11 shows the normalized compressive strength data from several experiments [41–44]
compared with the results of this study. Although the fluctuation of compressive strength of each
type of granite is different, the normalized compressive strength can be observed decreasing below
200 ◦C in treatment temperature. When the treatment temperature exceeds 200 ◦C, the compressive
strength quickly starts to decrease with increasing temperature. However, it is observed that a faster
rate of decline occurs at temperatures higher than 400 ◦C (Figure 11). This is caused by changes in
the internal structure of the granite minerals as a result of the heat. The sharp increase in the thermal
expansion [45,46] of quartz at temperatures between 400 ◦C and 500 ◦C is shown in Figure 11. Due to
the rapid expansion in the quartz volume, cracks occur between the quartz, feldspar and hornblende,
causing the rapid decline in the strength at this stage.
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Figure 11. Differences in the normalized compressive strength of granite on different studies
(source: three Gorges granite from Xu and Liu [41]; Remiremount granite from Etienne and Poupert [42];
Stripa granite from Kou [43]; Jining granite from Sun et al. [44]).

The decrease in some mechanical properties (compressive strength, and tensile strength) and
the increase in the peak strain of heated granite are caused by thermally induced variations in
internal structure. Because granite is composed of mineral particles with different thermal expansion
coefficients and thermo-elastic characteristics, high temperature leads to inhomogeneous thermal
expansion of mineral particles or the phase transition of some mineralogical components, generating
internal stress and micro-cracks in granite [44]. Between 400 ◦C and 600 ◦C, and especially 500 and
600 ◦C, the minerals of granite have chemical changes [47]. At roughly 573 ◦C and under atmospheric
conditions, quartz has a phase transformation from α phase to β phase, which can be used to explain
the large variation of mechanical and physical properties.

The mechanical damage of samples after natural cooling from the literature [40] is compared with
the results of this study as shown in Figure 12a. The mechanical damage curves of the samples studied
in the literature have been obviously effected by temperature. In this paper, when the damage value of
almost all samples was 0.7, the corresponding axial stress value reached the maximum. Figure 12b
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shows that the fluctuation of mechanical damage value of each sample is not obvious. When the
stress value is 0–30% of the peak strength, the mechanical damage value of the unheated sample is
the largest, and the D value is about 0.4; when the mechanical damage value of the 550 ◦C sample is
the smallest, and the D value is about 0.2. When the stress value reached 30% of the peak strength,
the mechanical damage value of the sample began to be significantly dispersed, and the mechanical
damage value was significantly affected by temperature. Compared with the mechanical damage
curves of the samples in the literature, we can find that the samples in this paper will suffer greater
mechanical damage at a lower stress level which shows that the samples in the literature have higher
strength and brittleness than the samples in this study. We found that the influence factors of mineral
composition, processing precision, heating and cooling condition and stability of loading equipment
are related to the difference tests of the mechanical damage curve.
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4. Conclusions

The following conclusions are made based on an experimental study of the mechanical properties
of granite that have been exposed to temperatures from 250 ◦C to 650 ◦C under cyclic heating
and cooling with circulating water, and cracking of the granite due to thermal shock with rapid
water cooling.

(1) The uniaxial compression of granite undergoes three stages of changes after cyclic heating and
cooling with circulating water at different heat treatment temperatures: pore compression, and elastic
and strain softening deformations. The number of cycles has a significant influence on the peak stress,
peak strain and uniaxial compressive strength. The transformation from brittleness to ductility is
not only affected by the number of cycles, but also by the effects of temperature, which are more
obvious. At a temperature of 250 ◦C, the granite becomes more plastic and is no longer brittle after
15 cycles. At heat treatment temperatures of 350 ◦C, 450 ◦C, 550 ◦C, and 650 ◦C, the samples become
more plastic after 5, 1, 1 and 0 cycles, respectively. After heating and cooling with circulating water,
the samples become even more plastic. During the cycles, temperature is seen to play a decisive role in
the transformation of the granite samples from brittle to plastic.

(2) After cyclic heating and cooling with circulating water, the peak strength of the granite at
different temperatures decreases, which can be described in three stages: Stage I is the rapid decline
of the peak strength, Stage II is when the decline of the peak strength is reduced, and in Stage III,
the strength of the sample is basically maintained at a constant level.

(3) The AE curve agrees well with the stress-time curve at each test temperature point, thus,
mechanical damage can be defined by rock sample AE ringing counting rate and the threshold
stress of rock damage is about 60% of the strength limit. The mechanical damage increases with the
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increase of N water cooling at high-temperature cycles under the same stress. The thermal damage
defined by the elastic modulus is generally increased, and can be synthesized by the four-order curve
equation. The thermal stress of granite after cyclic high temperature and water cooling is caused by
the thermal expansion effect of mineral particles in the structural composition and the thermal stress
equation of particle structure was established, the main causes of damage were analyzed based on
damage-cracking theory.

(4) With increases in the treatment temperature and more cycles of heating and water cooling,
the failure mode of the granite transforms from brittle to plastic. The failure mode is transformed from
slipping of the shear surface to flaking and particle spalling, and the color of the samples changes from
gray to pale yellow. The temperature therefore affects the failure mode of the granite.

This paper attempts to study the mechanical parameter damage of granite samples after cyclic
heating and cooling with cool water. However, the complexity of rock structures may lead to scattered
data during experiments, so the interferences introduced by individual differences among the samples
cannot be excluded. Therefore, these conclusions need further experiments for validation, and further
investigation on their applicability under various conditions, so that more test methods can be
developed for recognizing the damage process of rock failure.
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