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Abstract: Dynamic compression tests of granite after thermal shock were performed using the split
Hopkinson pressure bar system, to determine the effects of strain rate and temperature on the
dynamic mechanical parameters, energy dissipation features and failure modes of granite. The
results indicate that the dynamic compressive strength increased exponentially with strain rate and
decreased with increasing temperature. Temperature and incident energy can equivalently transform
for the same dynamic compressive strength. Dynamic elastic modulus of granite decreased obviously
with increasing temperature but did not have a clear correlation with strain rate. As the impact
gas pressure increased, the stress-strain curves changed from Class II to Class I behavior, and the
failure modes of specimens transformed from slightly split to completely pulverized. The critical
temperature at which the stress-strain curves changed from Class II to Class I was determined to be
300 °C, when the impact gas pressure is 0.6 MPa. As the applied temperature increased, density, wave
velocity and wave impedance all decreased, meanwhile, the degree of granite specimen crushing
was aggravated. Under the same incident energy, as the temperature increased, the reflected energy
increased notably and the absorbed energy increased slightly, but the transmitted energy decreased.
For the same temperature, the reflected and absorbed energies increased linearly as the incident
energy increased, whereas the transmitted energy increased logarithmically. The SEM images of the
thermal crack distribution on the granite specimen surface at different temperatures can well explain
the essence of mechanical parameters deterioration of granite after thermal shock. This work can
provide guidance for impact crushing design of high temperature rocks during excavations.

Keywords: strain rate; temperature effect; mechanical properties; energy dissipation features;
failure modes

MSC: 74R10; 74A15

1. Introduction

The crushing mechanism and stability control of a rock mass after thermal shock
have a widespread application in the engineering of geothermal drilling [1], nuclear waste
disposal [2], and tunnel repairs after a fire [3]. Therefore, the study of the dynamic mechan-
ical behavior and energy dissipation features of rocks after thermal shock is critical to the
solution of the engineering problems of high temperature rock mechanics.

Facilitating the exploitation of mineral resources deep within the earth, underground
engineering construction in high temperature and pressure conditions face many challenges.
For example, efficient drilling and wellbore stability control under high temperature and
pressure are the main challenges in geothermal drilling engineering. Given these challenges,
the effects of temperature and external loads on rock have been extensively studied. Results
have shown that the mechanical properties of high temperature rocks are different from
those of normal temperature rocks [4-7]. However, the mechanical responses of high
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temperature rock are not only related to temperature [8] but also heating method [9,10],
cooling method [11,12], heating rate [13,14] and loading method [15]. The influence of
heating rate on the mechanical properties of granite was studied by conducting uniaxial
compression tests [13] and the results indicated that 5 °C/min was the critical heating rate
for producing thermal cracking in Beishan granite. Therefore, the heat treatment applied
in this study was carried out at a heating rate of 2 °C/min. The physical mechanical
parameters (Cs, E; and UCS) of sandstone decreased when temperature increased, but the
mechanical parameters of sandstone cooling in liquid nitrogen were lower than that of
cooling in water [16].

Previous literature has classified three types of high-temperature rock mechanic be-
haviors [10]: real-time high temperature, high temperature thermal shock cooling (rapid
cooling in a liquid such as water or liquid nitrogen), and high temperature slow cooling
(air cooling). Under real-time high temperature and pressure, granite permeability was
observed to increase rapidly above the critical temperature (350 °C), but the critical tem-
perature of permeability decreased with increasing confining pressure [17]. And thermal
cracks have been found to appear in inter-granular and grow with the increasing of tem-
perature [18], especially above 500 °C, thermal cracks appeared in intra-granular [17,19].
Under slow cooling, the UCS and C; of marble [20] and limestone [21] decreased with
increasing temperature. The mechanical properties deterioration of granite after rapid
cooling were observed to accelerate as the applied temperature increased [22], and UCS
decreases significantly with the cooling cycles increased [23]. The order of UCS and Es of
granite at the same temperature from high to low was real-time high temperature, slow
cooling, and rapid cooling [10,24,25].

As mechanical rock breaking devices typically use water to cool the frictional heat
generated by rock breaking, it is critical to study the mechanical behaviors of rock after
thermal shock. Indeed, as the dynamic mechanical properties of rock must be considered
during any engineering rock excavation, researchers have widely studied the dynamic
mechanical properties of rock using the SHPB system. Post-peak behaviors of stress strain
curves determine the macroscopic failure modes of the rock, so post-peak behavior is of
great significance for estimating engineering instability [26]. According to the value of
the post-peak elastic modulus, the dynamic stress-strain curves can be divided into Class
I (with a post-peak elastic modulus less than zero) and Class II (with a post-peak elastic
modulus greater than zero) [26,27]. Under the former behavior, stability failure occurs
under rigid conditions, whereas under the latter behavior, unavoidable spontaneous failure
occurs under rigid conditions. The dynamic mechanical behaviors and energy dissipation
features have been widely studied in terms of temperature [9], moisture content [28], pre-
existing cracks [29,30] and cyclic impact [31]. The dynamic compressive strength of shale
with different bedding dips after heat treatment was studied, the result found that dynamic
compressive strength of shale at 0°and 30° bedding dips increased with the temperature
increasing, but the strength at 45°, 60° and 90° bedding dips are opposite [32]. Both the
dynamic strength and dissipated energy density of rock specimens have been found to
increase significantly with increasing strain rate [29], but the relationship between the
elastic modulus and strain rate has not been determined [28,33,34]. Furthermore, though
the selection of a reasonable impact frequency can effectively reduce energy dissipation and
improve rock drilling efficiency [35], the corresponding strain rate response of rock after
thermal shock has been rarely studied. The mechanical properties and damage constitutive
model of granite under coupling of temperature and dynamic loading were studied [33],
and the damage model was found to accurately reflect the effects of the strain rate and
temperature on the dynamic strength. However, the relationships between reflected,
transmitted, absorbed and incident energies have been neglected to date. Furthermore, all
previous results were obtained under real-time high temperature conditions, though some
engineering excavations have instead been constructed in rock subjected to thermal shock.
Therefore, it is critical to study the strain rate effect and energy dissipation features of rock
after thermal shock.
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Dynamic compression tests of granite specimens after thermal shock were performed
using the SHPB system in this study. Firstly, the effects of strain rate and temperature
on strength, elastic modulus, energy dissipation, and failure modes of specimens were
analyzed. Secondly, effects of temperature and incident energy on the reflected, transmitted,
and absorbed energies were explained using the theory of elastic wave propagation at
the interface between different media. Finally, the essential reasons for the observed
deterioration of the physical and mechanical properties of granite were revealed by SEM
images of the surface cracks on the specimens after thermal shock. This work can provide
guidance for the design of high-temperature impact rock drilling procedures.

2. Experimental Methods
2.1. Specimen Preparation

The rock employed in this study was a gray—white, medium—coarse-grained biotite
granite block obtained from a quarry in Changsha, China. This block was processed into
two types of specimens (Figure 1)—a series of ® 50 x 100 mm cylinders for the uniaxial
compression tests and a series of @ 50 x 25 mm discs for the dynamic compression tests—
that met the ISRM requirements for processing accuracy [36]. Each of these tests was
conducted three times under the same conditions. The p; of the specimen is about 2.64 to
2.65 g/cm?. The XRD spectrum (Figure 2) shows that the granite was mainly composed of
quartz (28.6%), feldspar (55.1%), mica (11.5%), and chlorite (4.8%) minerals.

Figure 1. Specimens photograph.
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Figure 2. XRD spectrum of granite (20 °C).

2.2. Experiment Device

The dynamic compression test was performed using the SHPB system (Figure 3)
comprising a gas gun, a spindle-shaped striker, elastic bars (an incident, transmission, and
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Gas gun

absorption bar) and a damper [37]. The elastic bars and spindle-shaped striker were both
made of 40 Cr steel with a p, and C, of 7.810 g/ cm? and 5410 m/s, respectively. For other
technical parameters, please refer to the previous research from our group [38,39]. The
spindle-shaped striker produced a stable half-sine waveform to eliminate Pochhammer-
Chree (P-C) oscillations and reduce the wave dispersion effect [35,40].
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Figure 3. SHPB device. (a) Schematic diagram; (b) Scene photo.

2.3. Experiment Principle

When the target system satisfies the three basic assumptions (one-dimensional stress
wave propagation, stress balance, and ignoring friction), the stress, strain rate and strain of
the specimen can be calculated using the incident, reflected and transmitted wave signals
as follows [41]:

e(t) = S [ ler(t) — ex(t) — er(r))dt M
(1) = Seler(t) — ex(t) — er(t)]

where 0, ¢, € are respectively the stress, strain rate and strain. A, and A; are respectively the
cross-section areas of the elastic bars and specimens. C, is the wave velocity of the elastic
bars, L; is the length of the specimen, and T is the stress wave duration.

2.4. Testing Procedure

The mass, volume, and C; of the granite specimens were measured before and after
thermal treatment, and mass divided by volume equals density. The specimen mass was
weighed by an electronic balance with an accuracy of 0.01 g, and the specimen volume
was measured using a vernier caliper. It is important to note that a suitable quantity of
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petroleum jelly was applied to the contact surfaces between the transducer and specimens
to reduce error when using the HS-YS4A rock ultrasonic testing analyzer measure the C;.
The specimens were divided equally into six groups, each of which included fifteen discs
specimens and three cylinders specimens. Five specimen groups were heated to target
temperatures of 200 °C, 300 °C, 400 °C, 500 °C and 600 °C at a heating rate of 2 °C/min
using a muffle furnace. The target temperature was then held steady for 3 h to ensure
an even distribution of specimen temperature. Next, the specimen was quickly removed
from the muffle furnace and cooled in a water tank with a sufficient amount of water
at 20 °C to ensure that the water temperature did not change significantly during the
20 min cooling process, so that the specimen completely cooled. The post-thermal shock
specimens were kept in a cool and dry place until the mass of the sample tend to be stable.
Static and dynamic compression tests of granite specimens after thermal shock were then
conducted on a mechanical testing machine and SHPB device, respectively. In order to
maintain a constant incident energy under the same impact gas pressure, it was necessary to
ensure that the distance between the incident bar and the spindle-shaped striker remained
equal in each test. The impact gas pressure was also changed from 0.5 MPa to 0.9 MPa in
0.1 MPa increasements to study the effect of strain rate on the behaviors of granite after
thermal shock.

3. Static Physical and Mechanical Test Results
3.1. Physical Properties of Granite

Thermal shocking can induce many defects inside a rock specimen, and change its
physical and mechanical properties. The initial mass and volume of each specimen are
different due to the processing accuracy and heterogeneity, so the change rate of physical
parameters (mass, volume and density) at different temperatures can better quantify the
effect of heat treatment on physical parameters of the specimen. The change rate of physical
parameters of the specimen can be calculated as follow:

P—P

5:
P,

x 100 2)
where P; and P, are respectively the physical parameters (such as mass, volume and
density) of the specimen before and after heat treatment. J is the change rate.

It can be observed in Figure 4a that an increase in temperature resulted in negative
increases in the mass and density change rates, whereas the volume change rate exhibited
the opposite trend. This indicated that the specimen mass loss gradually increased, the
volume expanded, and the density decreased with increasing applied temperature. These
phenomena are consistent with the other people’s findings [42,43]. According to previous
literature [44], the reduction in specimen mass can be divided into two components: the
escape and evaporation of the attached water and strongly bound water below 400 °C and
the escape of internal weakly bound water and structural water above 400 °C. The volume
change rate was observed to increase significantly with increasing applied temperature.
Particularly at 573 °C, the angle of any two Si-O tetrahedron changed from 150° (« phase)
to 180° (B phase) in the quartz crystal [45]. Because the mass decreased and volume in-
creased with increasing temperature, the granite density gradually decreased. Furthermore,
Figure 4b shows that Cs gradually decreased from 4558.4 m/s at 20 °C to 950.9 m/s at
600 °C, a loss of 79.1%. The full results are reported in Table 1. A strong correlation was
noted between p; and C; indicating that both can reflect the degree of thermal damage to
the specimen to some extent [46].
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Figure 4. Relationship between physical properties and temperature. (a) Change rate of mass, volume

and density; (b) Wave velocity of specimen.

Table 1. Static physical and mechanical parameters of specimen after thermal shock.

Change Rate of Physical Parameters (%)

Temperature (°C) : Cs (m/s) UCS (MPa)  Peak Strain (%) Es (GPa)
Mass Volume Density
20 0 0 0 4558.4 103.5 1.73 9.30
200 —0.170 0.092 —0.261 3124.8 96.6 1.72 8.99
300 —0.144 0.312 —0.454 2840.9 85.2 1.75 8.13
400 —0.174 0.677 —0.844 1995.3 74.8 1.82 7.17
500 —0.272 1.726 —1.964 1202.7 66.5 2.07 5.95
600 —0.346 3.190 —3.427 950.9 55.1 2.49 4.30

3.2. Static Mechanical Properties of Granite

Figure 5 shows that the stress-strain curves of specimen exhibited obvious stages
of compaction, elastic and yield failure. The UCS of specimens gradually changed from
103.5 MPa at 20 °C to 55.1 MPa at 600 °C, a 46.8% decrease. Meanwhile, the peak strain
increased from 1.73% at 20 °C to 2.49% at 600 °C, a 43.9% increase. Notably, as the peak
strain increased sharply above 300 °C, the critical temperature at which granite transforms
from brittle to ductile behavior was determined to be 300 °C. Furthermore, the E; of granite
gradually decreased with increasing applied temperature. These phenomena indicate that
mechanical properties of granite will obviously deteriorate after thermal shock. The full
uniaxial compression test results are shown in Table 1.
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Figure 5. Stress-strain curves of specimens after thermal shock.
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4. Dynamic Compression Test Results and Analysis
4.1. Investigation of Dynamic Stress Balance

The dynamic compression test cannot be initiated until the incident waveform is
completely transmitted (no reflected waveform) in the pre-impact test when the incident
bar and transmission bar are fully concentrically aligned. During the test, specimens were
clamped between incident and transmission bars, and a suitable quantity of petroleum jelly
was symmetrically applied to interfaces between the specimen and elastic bars to ensure
effective contact. Figure 6 shows that the sum of reflection stress and incident stress at
the incident interface was equal to the transmission stress at the transmitted interface, so
the stress was balanced at both ends of the specimen, and the test results were considered
effective. The reflected wave primarily reflects the strain rate history of the specimen, and
has a very long plateau that represents the constant strain rate loading, and the transmitted
wave primarily reflects the stress variation in the specimen. Note that all data that did not
meet the assumed stress balance were eliminated to ensure reliable results.

100

-100

Stress (MPa)

2200 " Incident stress

—e— Reflection stress

—4A— Transmission stress

—*— Incident+Reflection stresss

50 100 150 200 250
Time (pus)

-300
0

Figure 6. Dynamic stress balance checkout of specimen (20 °C, 0.8 MPa).

4.2. Dynamic Stress-Strain Curves

According to the theory of stress wave propagation, the dynamic mechanical parame-
ters (04, E; and ¢) of the specimens were calculated with the results listed in Table 2. Because
the speed with which the internal micro-cracks closed was much lower than the loading
rate, the dynamic stress-strain curves exhibited no obvious compaction stage compared
with the static stress-strain curves (Figure 7). On the one hand, the dynamic strain exhibited
a rebound phenomenon at the lower impact gas pressure, when the stress-strain curves
are defined as Class II (indicating that unloading occurred in the post-peak stage), and
the specimen exhibited a spontaneous failure. On the other hand, the strain increased
monotonically at higher impact gas pressure, and the stress-strain curves were defined as
Class I (indicating a strain softening process in the post-peak stage). Thus, at the same
temperature, the stress strain curves gradually transformed from Class II to Class I with
increasing impact gas pressure. When the impact gas pressure was 0.6 MPa, the post-peak
modulus of the stress-strain curve was greater than zero below 300 °C (Class II), but the
post-peak modulus was less than zero above 300 °C (Class I) [26]. Therefore, 300 °C can
be considered as the critical temperature at which stress-strain curves of granite transition
from Class II to Class I behavior at a 0.6 MPa impact gas pressure (Figure 7). Furthermore,
for the same applied temperature, the peak stress and peak strain of specimens have a
tendency to increase with increasing impact gas pressure.
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Table 2. Dynamic mechanical parameters of specimens at different temperature and gas pressure.

Impact Gas Pressure (MPa)

(DTC) No. ) 0.5 . 0.6 ' 0.7 ) 0.8 ) 0.9
&4 E, o4 &4 E4 o4 &d E; o4 &d E, o4 &4 E, o4
1 25.0 328 1101 31.8 474 1365 45.1 398 150.8 525 435 1629 705 46.7 1745
2 26.5 334 1184 30.5 46.1 138.5 46.2 41.3 1555 50.6 428 1581 724 456 178.6
20 3 239 325 1026 31.6 475 136.6 45.0 39.0 146.6 53.7 43.1 1672 67.2 469 170.7
Ave 25.1 327 1104 31.3 470 1372 453 40.0 151.0 523 43.1 162.7 70.0 464 1746
1 27.1 30.0 109.5 453 36.1 138.5 58.3 327 1481 714 339 163.8 80.7 28.6  169.2
2 28.5 33.7 111.2 46.3 355 140.1 60.1 33.2 1503 73.8 348 1675 783 29.1 167.3
200 3 26.6 32.1 106.3 44.1 35.0 136.0 57.6 335 1464 694 345 1576 81.1 309 1711
Ave 27.4 319 109.0 45.2 355 138.2 58.7 33.1 1483 71.5 344 163.0 80.0 295 169.2
1 32.2 345 1143 463 369 1306 56.7 344 1461 745 349 1574 876 39.7 166.8
2 33.4 33.1 116.7 479 36.1 1329 55.3 35.1 1456 76.2 359 1589 894 372 169.1
300 3 31.7 347 1131 459 359 1292 546 329 1444 73.8 34.1 156.7 87.3 384 165.1
Ave 32.4 34.1 114.7 46.7 363 1309 555 34.1 1454 74.8 35.0 157.7 88.1 384 167.0
1 47.1 254 1085 521 26.1 126.7 70.1 244 1449 813 295 1540 948 274  169.1
2 48.9 259 1108 514 273 1253 721 25,6 1471 80.6 32.1 1504 974 29.1 174.2
400 3 46.1 244 1074 54.6 268 129.1 67.8 253 1420 83.0 28.7 1564 955 279 1719
Ave 47 4 248 1089 527 26.7 1270 70.0 25.1 1447 81.6 30.1 153.6 959 28.1 171.7
1 52.1 22.0 99.6 60.0 21.0 1251 82.0 222 1381 993 21.7 1479 1043 215 1534
2 53.7 220 1034 629 223 1286 839 240 1416 969 234 1465 103.1 234 150.2
500 3 50.3 20.1 97.3 58.8 204 1229 81.0 21.3 1358 1025 21.0 1503 1076 208 1575
Ave 52.0 21.7 100.1 60.6 212 1255 823 225 138.5 99.0 220 1482 1050 219 1537
1 71.3 10.3 70.5 84.2 13.4 98.5 1105 154 1106 1309 139 1171 1421 132 1332
2 729 12.1 73.5 86.4 13.1 1004 1143 16.0 1141 133.1 142 1204 1445 144 1355
600 3 68.1 9.7 68.3 83.2 11.9 96.1 109.2 14.1 109.3 127.1 13.6 1153 140.8 129 1289
Ave 70.8 10.7 70.8 84.6 12.8 98.3 111.3 152 111.3 1304 136 1176 1425 135 1325

Note: T (Temperature), NO. (Number), ¢, (s71), E; (MPa), o4 (GPa) and Ave (average value).

4.3. Strain Rate Effect on Granite after Thermal Shock

At the same temperature, the o of the specimens exhibited an obvious strain rate
response as the impact gas pressure increased (Figure 8). Temperature was also observed
to play an important role in the ¢; under similar strain rates. For example, when the strain
rate was around 70 s~!, the o; decreased from 174.6 MPa at 20 °C to 70.8 MPa at 600 °C, a
103.8 MPa reduction. Therefore, the relationship between ¢; and strain rate must consider
the effect of temperature. The 0; and strain rate can be great fitted into an exponential form

as follows: .
or,= 33.031er, ¥4 R? = 0.9316

or,= 28.689¢1,04%92  R2 = 0.9929
or,= 30.833¢r, 23797 R? = 0.9859 3)
or,= 11.688¢7,0°%%%  R2 = 0.9754
or, = 12.988¢1, 0234 R? = 0.9191
or,= 2.8098¢r,07766  R? = 0.9201

where Tq, Ty, T3, T4, T5 and Ty are 20 °C, 200 °C, 300 °C, 400 °C, 500 °C and 600 °C,
respectively.
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Figure 8. Relationship between strain rate and dynamic compressive strength of granite after
thermal shocking.

The DIF is generally used as an index for the evaluation of the relationship between
0,4 and strain rate, and is defined as follows [33]:

DIF =0,/ 05 4)

where 05 is static compressive strength and is equal to UCS, and ¢ is dynamic compres-
sive strength.

Figure 9 shows that the DIF exhibited a clear linear relation with the Ig(¢) at the
same temperature. Similarly, this result was found by Wang [33]. However, the curves
slopes clearly differ according to temperatures. On the one hand, thermally induced
cracks were not visible below 300 °C [19], so the slopes of the corresponding curves can
be observed to be approximately equal. On the other hand, the slopes of the curves are
significantly different above 300 °C. Because the thermally induced cracks on the surface of
the specimen grow rapidly above 300 °C [17], the deformation resistance capacity of the
specimen decreased. Therefore, 1g(¢) increased significantly with increasing temperature
under the same incident energy. The distribution of thermally induced surface cracks
observed in the granite specimens will be discussed in Section 5.

23 a0 N
e T=200°C
A T=300°C
o T=400°C "
¢ T=500°C
20F % T=600°C
=
A
1.5}
]
1‘0 1 1 1 1 1
1.2 1.4 1.6 1.8 2.0 2.2 24

lg(€)

Figure 9. Relationship between DIF and Ig(¢) at different temperatures.
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To characterize the relationship between the DIF and Ig (s) , most scholars have used
piecewise functions to fit the strain rate [47,48], and only a few consider the temperature
effect [33]. The relationships between the DIF and the Ig(¢) at different temperatures
were given:

—0.7224 R? = 0.9554
—0.7738 R? = 0.9947
—0.8129 R? =0.9913
—2.6745 R? =0.9742 ©®)
—2.4034 R?=0.9344
— 45351 R? = 0.9366

DIFr_ppec = 1.3213lg (¢

~—

DIFT:2000C: 132291g €

(

DIFT:3000C =1 4257lg (S

DIFr_gopec= 2.49661g (&
(
(

DIFT:500°C: 233621g £

DIFT:(,O()OC: 32006lg €

—

4.4. Temperature Sensitivity of Granite Behaviors

Figure 10 shows that temperature had an obvious effect on dynamic stress-strain
curves of the granite specimens. Taking an impact gas pressure of 0.5 MPa as an example
(Figure 10a), as the temperature increased, the starting point of strain recovery gradually
moved away from the peak strain, causing the curves to exhibit Class II behavior. The strain
rates of specimens increased from 25.1 s~ at 20 °C to 70.8 s~ ! at 600 °C, rising 182.1%, but
04 decreased gradually from 109.0 MPa at 20 °C to 70.8 MPa at 600 °C, falling 35.0%. This
result indicates that under the same impact gas pressure, the strain rate increased with
increasing temperature, whereas the ¢; decreased.
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Figure 10. Dynamic stress-strain curves of specimens at different temperature. (a) 0.5 MPa,
(b) 0.9 MPa.

Figure 10b shows that the dynamic stress-strain curves all exhibited Class I behavior
for an impact gas pressure of 0.9 MPa. The strain rate and ¢; exhibited similar laws to those
for an impact gas pressure of 0.5 MPa, but the plastic failure of rock was more obvious.
Meanwhile, the slopes of the elastic segment of the curves can be observed to decrease as
the temperature increases, this result is consistent with that of the static compression test.

4.5. Dynamic Elastic Modulus of Granite under Thermal Shocking

The dynamic elastic modulus equation is given as follows [49].

0y — 0y
Ej=— 6
— (6)
where 0, and ¢, are 60% and 40% of peak stress, respectively. ¢, and ¢, are strains corre-
sponding to ¢, and o, respectively.
Figure 11 and Table 2 show that under the same applied temperature, the E; changed
slightly with increasing impact gas pressure. Wang [33] et al. also found that strain rate
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has no significant effect on elastic modulus. Under the same impact gas pressure, the
E; exhibited an obviously decreasing trend with increasing temperature. Indeed, the E;
decreased from 32.7 GPa at 20 °C to 10.7 GPa at 600 °C when impact gas pressure was
0.5 MPa, a 67.3% reduction. Meanwhile, when impact gas pressure was 0.9 MPa, the E;
decreased from 46.4 GPa at 20 °C to 13.5 GPa at 600 °C, a 70.9% reduction. These results
indicate that the attenuation of E; value as the applied temperature increased from 20 °C
to 600 °C increased slightly with increasing impact gas pressure (Figure 11b).
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Figure 11. Dynamic elastic modulus of specimens. (a) Impact gas pressure, (b) Temperature.

4.6. Energy Dissipation Features of Specimens under Thermal Shock

According to the elastic stress wave transmission theory, the expressions of the incident
energy Ej, reflected energy Er and transmitted energy Ert are as follows [31]:

Ep = A [To2(t)dt

0eCe JO
Er = & Jo or(t)dt )
Er= pfé o OF(t)dt

where p, is the density of the elastic bars.
According to the law of energy conservation, the absorbed energy E4 can be calculated

as follows:
Ern=E;—Egr—E7 (8)

At the same temperature, the Eg will increase linearly with E; (Figure 12); under
the same Ej, the higher the temperature, the greater the Eg. These phenomena can be
explained by the laws of reflection and transmission of elastic waves at the interface
between different media (Figure 3a). The corresponding reflection (R) coefficient and
transmission (T) coefficient are presented as follows [50]:

U'R:RU'I
(TT—TO’I 9
— 1=
R= 10 ©)
_ 2
T=15

where 7 is the ratio of the wave impedance of two materials, n = p1Cy/p2Cs.
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Figure 12. Relationship between reflected and incident energy.

The following conclusions can be drawn according to the ratios of wave impedances
between the specimen and elastic bars at interfaces A1 and A2 shown in Figure 3a:

At interface Al, n = p.C,/psCs > 1, R <0, T < 1; At interface A2, n = psCs/p.Ce <1, R >0,
T>1

At the same temperature, the Cs and p;s of the samples can be considered to be constant
according to Table 1, so the wave impedance of granite was nearly the same regardless
of applied impact gas pressure. The R at the incident end was invariable, combining
Equations (7) and (9), it can well explain that the Eg increased linearly with increasing
E;. Meanwhile, the Cs and p; gradually decreased with increasing temperature, leading
to wave impedance of the specimen decrease. Therefore, n increased at the interface Al
(n > 1), and the corresponding | R| increased, essentially explaining that Eg increased with
increasing temperature under the same Ej.

A part of the Et at the interface Al is consumed by the energy dissipation of the
rock fracture, and the other part of Et is transmitted and reflected as E; at the interface
A2 (Figure 3a). Figure 13 shows that the Et logarithmically increased with increasing Ej,
indicating that the growth rate of Er slowed. Meanwhile, the ET decreased with increasing
temperature under the same E;. In a word, the magnitude of ET was related to transmission
coefficient of interface and energy absorption capacity of the specimen.
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Figure 13. Relationship between transmitted and incident energy.
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Figure 14 shows that the E4 exhibited a linear increase with the E; for the same applied
temperature. The greater the value of the Ej, the more broken the specimen owing to the
quantity of the energy absorbed. The curves slopes were all determined to be around
0.5, indicating that nearly half of the impact incident energy was reflected and harmlessly
transmitted in the form of elastic waves.
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Figure 14. Relationship between absorbed and incident energy.

5. Discussion
5.1. Dynamic Failure Modes of Specimens after Thermal Shock

Macroscopic spontaneous destruction occurs in the post-peak failure stage, so any
stability analysis should pay careful attention to the post-peak failure properties of the rock.
As discussed in Section 4.2, the stress—strain curves obtained in this study were divided into
Class I and Class II behaviors according to previous literature [26,27]. Figure 15a shows that
for an impact gas pressure of 0.9 MPa, the strain rate reached a stable state before achieving
the peak stress, and there was an obvious plateau reflecting the constant strain rate loading.
The strain rate still increased for some time after the peak stress was achieved, and the
residual strain continued to increase until becoming stable. At this time, the specimen broke
rapidly and pulverized, and the stress-strain curve exhibited Class I behavior. Figure 15b
shows that the strain initially increased to a peak value before gradually decreasing, and
the strain recovery led to the post-peak unloading, indicating stored energy was not high
enough to fracture the sample in such a case. When the loading peak strain rate was 40.0s~ !,
the stress was about one-third of the peak stress. The unloading process enabled the elastic
recovery of the specimen, the unloading peak strain rate was —25.8 s~ !, rapidly releasing
the stored elastic energy and leading to a small split in the specimen. This stress-strain
curve exhibited Class II behavior as it showed an obvious rebound.
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Figure 15. Variation curves of stress, strain rate and strain of specimens at 20°C with time. (a) 0.9 MPa;
(b) 0.5 MPa.
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Figure 16 shows that the specimens exhibited increasingly severe destruction as the
impact gas pressure increased; the distribution ratios of small pieces and powder increased
while the average size of the fragment decreased. The specimens were slightly broken with
some debris for an impact gas pressure less than 0.7 MPa, but clearly absorbed more energy
for an impact gas pressure greater than 0.7 MPa, when the specimen fragments were mostly
debris and powder as the unit energy consumption increased. When the strain rate was
about 45.1 s~ (for an impact gas pressure of 0.7 MPa), the average size of the specimen
fragment exhibited an obvious variation corresponding to the transition of the stress-strain
curve from Class II to Class I in Figure 7a. The spontaneous failure at a low strain rate
belongs to tensile spalling, and the fragments are comparatively intact. The specimen was
crushed by excessive incident energy at a high strain rate, causing the smaller fragments
to increase.
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Figure 16. Relationship between fragment degree of specimens and impact gas pressure at 20 °C.
(a) 0.5 MPa; (b) 0.6 MPa; (c) 0.7 MPa; (d) 0.8 MPa; (e) 0.9 MPa.

Under the same impact gas pressure, the failure modes of the specimen (Figure 17)
changed significantly with increasing temperature, which transformed from a slight split
at 20 °C to pulverization at 600 °C. The failure modes of the specimens were in complete
agreement with the dynamic stress-strain curve transition from Class II to Class I behavior,
as shown in Figure 7. This indicates that the increase of temperature reduced the critical
impact gas pressure describing the stress-strain curves transition. Indeed, the rock failure
modes are very sensitive to temperature, so the temperature effect must be considered
in the design of structures to be constructed in rock mass. Furthermore, in addition to
controlling the stability of the surrounding rock, heat treatment can be considered to reduce
rock strength and thereby more effectively crush the rock. For example, the strain rate effect
of high temperature rocks can be considered to improve the geothermal drilling effect.

QT
234567 89|

Figure 17. Relationship between fragment degree of specimens and temperature at 0.6 MPa. (a) 20 °C,
(b) 200 °C, (c) 300 °C, (d) 400 °C, (e) 500 °C, (f) 600 °C.



Mathematics 2022, 10, 1521

16 of 20

The degree of specimen crushing was found to be aggravated by increases in incident
energy and temperature, but the 0; decreased as temperature increased or E; decreased
(Figure 18). The relationship among the o4, temperature and E; are fitted as follows:

o(T,Ej) = 84.47 4 0.039T + 0.617E; — 0.000155T2 — 0.00098E% — 0.000083TE;R* = 0.937

(10)
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Figure 18. Relationship between temperature, incident energy and dynamic compressive strength
of granite.

Figure 18 and Equation (10) show that the same ¢ corresponded to multiple tem-
perature and E; composite states. In a sense, the temperature and E; could equivalently
transform for the same ¢4, but the degree of granite fragmentation in these states varied
considerably. Therefore, the E; can be appropriately adjusted to account for the large differ-
ences among the ground temperatures of the different strata encountered in the process of

rock drilling for deep excavations, thereby reducing the energy consumption required for
rock crushing and improving rock drilling efficiency.

5.2. Thermal Damage Assessment based on SEM

The heat-treated granite specimens were sprayed with gold using an ion sputterer,
then scanned by SEM to assess the thermal damage degrees of the specimen surface. Each
SEM image was magnified 60 times to ensure comparability. Figure 19 shows the SEM
images of the specimen surfaces after thermal shock. Firstly, it can be observed that the
surfaces of the specimen were complete without obvious cracks for applied temperatures
of less than 300 °C. Two intersecting intergranular cracks occurred on specimen surface
at 300 °C, which can be considered as the critical temperature for thermal shock crack

initiation. Finally, the surface cracks on the specimens developed quickly for applied
temperatures above 300 °C, and the extent of the crack network increased. Especially for
applied temperatures of 500 °C and 600 °C, obvious loose areas were present in addition
to a lot of intergranular and transgranular cracks. These phenomena essentially reflect
the decrease in ps and C; with increasing temperature. This is also why the higher the
temperature, the more easily broken the specimen under the same E;. Therefore, for the
same E4, the specimen subjected to higher temperatures before thermal shock were more
uniformly broken and the powder was finer, primarily because the internal cracks in the
granite were found to be more intensive after exposure to a high temperature. In other
words, the energy required for crack propagation is relatively smaller. Taken together,
these results indicate that thermal shock plays an important role in rock mass crushing and
stability control.
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LLoose zone

Figure 19. SEM images of specimens at different temperatures. (a) 20 °C, (b) 200 °C, (c) 300 °C,
(d) 400 °C, (e) 500 °C, (f) 600 °C.

6. Conclusions

In this study, dynamic compression testing of granite specimens under six temper-
atures and five impact gas pressures were performed using the SHPB system. Then, the
effects of temperature and strain rate on the physical mechanical parameters, energy dissi-
pation features and failure modes of granite were analyzed. The specific conclusions are
summarized below:

(1) The physical and mechanical parameters (mass, ps, Cs, UCS and Es) of granite speci-
men decreased with increasing temperature, except for volume increased.

(2) At the same temperature, the o; of granite specimens increased exponentially with
increasing strain rate, and the stress-strain curves gradually transformed from Class
II to Class I behavior. For the same strain rate or incident energy, the dynamic com-
pressive strength decreased with increasing temperature. Therefore, the temperature
and Ej can equivalently transform for the same ¢, but the degree of the granite
fragmentation in these states varied considerably.

(3) The DIF exhibited an obvious linear correlation with the Ig (e) at the same temperature.
The E; of granite was determined to be more sensitive to temperature than impact
gas pressure and decreased obviously as the temperature increased. Meanwhile, the
higher the temperature, the greater the strain rate and the more severe the specimen
failure, and the failure modes of the granite changed from brittle to ductile.

(4) When the impact gas pressure was 0.6 MPa, the critical temperature for the stress-
strain curve transition from Class II to Class I behavior was determined to be 300 °C.

(5)  The critical temperature of the crack initiation of granite was determined to be 300 °C.
As the temperature increased, the initiation cracks in the granite specimen surface de-
veloped from intergranular cracks to transgranular cracks. Furthermore, a number of
loose areas were observed on the granite specimens subjected to higher temperatures,
especially those greater than 500 °C.

(6) The Eg and ET were found to be only related to the ratio of the wave impedances of
the elastic bars and the specimen. For the same temperature, as the E; increased, the
ER and the E 4 increased linearly, whereas ET increased logarithmically. For a similar
Ej, the Eg increased but the ET decreased as the temperature increased.



Mathematics 2022, 10, 1521 18 of 20

Author Contributions: Conceptualization, Y.W. and L.H.; methodology, Y.W.; software, Y.W.; valida-
tion, YW.,, X.L. and L.H.; formal analysis, Y.W. and Y.G.; investigation, Y.W. and H.L.; resources, L.H.;
data curation, L.H.; writing—original draft preparation, Y.W.; writing—review and editing, YW.;
visualization, Y.W. and ].W.; supervision, ] W.; project administration, L.H.; funding acquisition, X.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (51904335,
52174098, 51927808), the Postgraduate Scientific Research Innovation Project of Hunan Province (No.
(CX20210297), and the Fundamental Research Funds for Central Universities of the Central South
University (No. 2021zzts0276).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

04,0s dynamic compressive strength, static compressive strength, MPa;

Ej, Eg, Er, E4  incident, reflected, transmitted, absorbed energy, J;

0Os, Pe specimen density, elastic bar density, g/cm3;

Cs, Ce longitudinal wave velocity of the specimen, longitudinal wave
velocity of the elastic bar, m/s;

Es, E4 static elastic modulus of the specimen, dynamic elastic modulus of
the specimen, GPa;

ucs uniaxial compressive strength, MPa;

DIF dynamic increase factor;

SHPB split Hopkinson pressure bar;

SEM scanning electron microscope;

XRD X-ray diffraction;

lg(¢) logarithm of strain rate, s~1;

R, T the reflection coefficient, the transmission coefficient;

n the ratio of wave impedance of two materials;

€ strain rate, s~ L.
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