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Abstract: In deep rock engineering, the rock mass can be subjected to thermal stress caused by
sudden changes in temperature, which is referred to as thermal shock (TS). To study the effect of
TS on heated sandstone, three cooling methods are used to provide different cooling rates. Then
the coupled dynamic and static loading tests are carried out on the heated sandstone by means of
a modified split Hopkinson pressure bar (SHPB) system. The test results show that as the heating
level increases, the dry density, P-wave velocity, and the dynamic combined strength of the heated
sandstone decrease, while specimen porosity increases. Particularly, a sharp change in the physical
properties of sandstone can be observed at 650 °C, which is believed to be caused by the -3 transition
of quartz at 573 °C. At each heating level of the test, the damage caused by the higher cooling rate to
the heated sandstone is more than that caused by the lower cooling rate. The different failure modes
of sandstone with increasing temperature are analyzed. The mechanism of TS acting on heated
sandstone is discussed, and two typical fracture patterns reflecting the action of TS are identified
through SEM.

Keywords: thermal shock; cooling rate; coupled dynamic and static loads; fracture patterns; sandstone

1. Introduction

In both above-ground rock structures with large temperature differences between day
and night and underground rock engineering such as geothermal energy engineering, un-
derground coal gasification and radioactive waste disposal, rocks as the main load-bearing
material can be subjected to extreme conditions involving high temperature [1-9] and weath-
ering [10-13]. Sudden changes in temperature can cause thermal stress and “catastrophic
damage in the form of cracks so that the strength of the material is suddenly decreased” [14].
This process is referred to as thermal shock (TS) [14-16]. In addition, the rock mass suffers not
only the static in-situ stress, but also the widespread stress adjustments, blasting loading, and
excavation unloading during the excavation process [17-20]. Thus, the dynamic disturbances
cannot be ignored when evaluating the load-bearing capacity of the rocks in the field
of deep engineering. Therefore, analyzing the impact of the TS process on the dynamic
mechanical properties of the rock is essential for the structural stability and safety design
of rock engineering both aboveground and underground.

In recent years, several studies have contributed to the understanding of the physi-
comechanical properties of rocks after TS. Dong et al. [21], Ghobadi and Babazadeh [22],
Wang et al. [23], and Yu et al. [24] conducted dynamics or statics experiments on rocks
subjected to cyclic TS, their results showed that the cycle has a cumulative effect with
the accumulation of TS cycles. Li et al. [25] investigated the influence of TS caused by
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rapid cooling on the dynamic mechanical properties of granite by nuclear magnetic res-
onance (NMR) and scanning electron microscope (SEM) and found that the pores inside
the heated granite increase both in size and quantity as the heating level or cooling rate
rise. Huang et al. [26], Shen et al. [27], and Wu et al. [28] conducted static experiments to
investigate the thermal deterioration of granite after TS and found that the thermal cracking
propagates and opens up with the increase in temperature, and structural damage is more
serious under rapid cooling conditions. To study the index properties of rocks that had
deteriorated due to physical weathering, Yavuz et al. [29] applied 20 cycles of freeze-thaw
and physical weathering tests on 12 different carbonate rocks. Their results showed that the
index properties of rocks after repeated TS decrease in varying levels with respect to initial
values. Li et al. [30] investigated the effects of TS on the mechanical responses of granite
through Brazilian tests on the cracked straight through Brazilian disc (CSTBD) under Mode
I and Mode II loading. Their results indicated that the peak load values and the Mode
I and Mode II fracture toughness for water-cooled specimens are lower than those for
air-cooled specimens. Li et al. [31] investigated the influence of water and liquid nitrogen
cooling treatment on the physical and mechanical properties of the heated sandstone. Their
results showed that the damage caused by the liquid nitrogen cooling treatment to the
heated sandstone is greater than that of the water-cooling treatment. However, the cool-
ing rate of the heated granite treated with different high temperatures was not provided.
Wang et al. [32] conducted a physical inspection, and quasi-static and dynamic splitting
tensile tests on red sandstone after different TS cycles, and found that with the increase
in TS cycles, the density reduces, and the total porosity and effective porosity increase.
However, their experiments adopted a low cooling rate of about 2.3 °C/min according
to the temperature profile. The comparative low temperature changing rates used in the
experiments make it difficult to acknowledge the effect of TS, which is a phenomenon
featured by sudden changes in temperature.

Through a literature review, we notice that previous studies primarily focused on
the effect of TS on the static mechanical behavior of rocks. However, studies taking into
account the effect of TS on the dynamic mechanical behavior of sandstone under coupled
dynamic and static loads are rarely reported. In fact, the rock mass is inevitably affected by
dynamic disturbances caused by mechanical rock breaking and blasting loading, which
involves a typical coupled dynamic and static loading mode. Therefore, the SHPB system
is adopted to carry out the coupled dynamic and static loading experiments on sandstone
after different TS treatments, where the heating level is up to 850 °C in this paper. The
evolutions of porosity, P-wave velocity, and dynamic combined strength are analyzed.
Three cooling methods are adopted to provide different cooling rates, which are stove
cooling (no TS), air cooling (TS), and freezer cooling (TS), and the highest cooling rate of
TS is up to 45.72 °C/min. In addition, efforts have been made to observe and discover
more typical microscopic fracture features caused by TS, and the damage mechanism of
heated sandstone under three different cooling methods is analyzed. The results of this
study can be used to provide a reference for damage analysis and safety assessment of rock
engineering that undergoes high temperature and rapid cooling.

2. Experimental Material and Testing Procedure
2.1. Specimen Preparation

The rock material used in the experiments is a fine-grained sandstone cored from
the same integral and uniform rock block, which is quarried from Shandong Province,
China. The diameters of the specimens used in the coupled dynamic and static loading
experiment are 50 mm with a height-to-diameter ratio of 1:1 (Figure 1a), and carefully
polished at both ends and sides. The non-parallelism and non-perpendicularity are both
less than 0.02 mm, which meet the standards of the International Society for Rock Mechanics
(ISRM) [33]. According to the suggested methods proposed by ISRM, the average dry-
density and porosity of selected sandstone at ambient temperature are 2.43 g/cm? and
5.87%, respectively. The thin section analysis and the X-ray diffraction (XRD) are adopted
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to analyze the mineral content of sandstone specimens. Due to the heterogeneity of rock,
the values may vary with different sections or specimens. Since the sandstone specimen
used in the experiment is cored from the same integral and uniform rock block, thin section
analysis can provide an assessment of the percentage value of a section of the specimen
under observation to a certain extent [34]. The result of thin-section analysis and XRD
indicates that the composition and corresponding content of sandstone are roughly as
follows: quartz (45%), potash feldspar (40%), plagioclase (10%), calcite (2%), iron (2%), and
sericite (1%) in Figure 1b,c.
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Figure 1. Sandstone specimen used in the test: (a) geometry of the specimen, (b) photomicrograph of the sandstone under
cross-polarized light (Q = quartz, Kfs = potash feldspar, P1 = plagioclase, R = rock debris, Cal = calcite), (c) XRD spectrum

of sandstone.

2.2. Thermal Shock Treatment

The sandstone specimens are heated at 250, 450, 650, and 850 °C in a box-type electrical
stove (heating rate: 5 °C/min) as shown in Figure 2a. The specimens are subsequently
cooled by stove cooling, air cooling, and freezer cooling, respectively. For each heating
level and cooling method, four specimens are used in the test. The TS treatment process
can be described as follows. Heat the rock specimen to the target temperature and keep
the temperature constant for two hours to make the temperature field in the specimen
uniformly distributed. Then turn off the power switch and let the specimen cool to ambient
temperature (control group), where the temperature inside the stove is recorded by the
monitor every 60 s. For the other two experiment groups, the specimen is cooled in the air
or the freezer to cool down to ambient temperature.

In this work, the freezer is set to a constant temperature of —60 °C. In order to obtain an
accurate relationship between rock temperature and time, the temperature of the specimen
is measured by a thermocouple thermometer (HT-9815, Dongguan Xintai Instrument,
Dongguan, China). The obtained thermal temperature profile is shown in Figure 2b. The
average cooling rate is calculated by a weighted average method in Equation (1):

v _ Lo Kt _ JoT (0T (t)dt o
T K dt fOtO T(f)dt

where V1 represents the average cooling rate; T(f) is a function of temperature as a function
of time; T’ denotes the derivative of T(t); o denotes the time required for the specimen to
cool to room temperature.
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Figure 2. (a) A box-type electrical stove, (b) temperature profiles of three cooling methods versus TS temperature.

According to the weighted average, when the rock is heated to 250, 450, 650, and
850 °C, the air-cooling rate is 8.96, 17.62, 26.84, and 41.37 °C/min, respectively. The cooling
rate in the freezer is 13.73, 26.61, 30.61, and 45.72 °C/min, respectively. According to the
literature review, no consensus has been reached regarding the temperature changing rate
threshold for inducing TS in rocks. However, it can be considered that the temperature
changing rate >2 °C/min can be used to examine the TS effect [14]. In this study, the
temperature changing rate of stove cooling is less than 0.5 °C/min [25]. Therefore, the
sandstone specimens cooled inside the stove can be used as references that are free from
the effect of TS. The air-cooling and freezer-cooling conditions can well be categorized into
TS conditions [14], while the stove-cooled specimens have avoided the TS effect.

2.3. Coupled Dynamic and Static Loading Process

The coupled dynamic and static loading tests are performed on an improved SHPB
system [35,36]. As can be seen in Figure 3, the test system consists of a gas gun, a spindle-
shaped punch, an incident bar, a transmitted bar, an absorbing bar, a damper, and a set
of axial static pressure devices. The test system is capable of performing high strain rate
loading experiments, and the spindle impact rammer can achieve a constant strain rate
half-sine stress wave loading [37]. The main parameters are shown in Table 1. Before
the test, the reliability and accuracy of the test system are examined. The test waveform
should conform to the one-dimensional stress wave principle of the test system and the
stress homogenization principle of the specimen. The tested specimen is placed between
the incident bar and transmitted bar. An appropriate amount of grease is applied to the
two loading ends of the specimen to ensure good contact between the specimen and the
bars. The incident bar is struck by the punch driven by the gas released from the gas
cylinder through the gas gun. In the test, the axial pressure (static loading) and air pressure
(dynamic loading) are 15 MPa and 0.55 MPa, respectively. The same air pressure is used to
ensure the same impact load in each test. As the stress wave advances in the incident bar,
a part of the stress wave returns to the incident bar, and the other part of the stress wave
passes through the specimen, which resulted in its failure. The failure evolution process of
the specimens is captured by a high-speed camera (FASTCAM SA 1.1, Photron USA Inc,
San Diego, CA, USA). The videography frequency is 75,000 fps and each picture is taken
at every 13 ps. Finally, the changing signals of the strain gauge voltage are transmitted
through the dynamic strain test devices and are recorded by the oscilloscope, and thus the
strain data can be obtained.
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Figure 3. Coupled dynamic and static loading system based on the SHPB device.

Table 1. The main parameters of the SHPB system.

Diameter Incident Absorbing Transmission Mo dltzlllfstl(ff the Poisson’s P-Wave Density of
of Bars Bar length Bar Length Bar Length Ratio of the Velocity of the the Bars
Bars 3
(mm) (mm) (mm) (mm) Bars Bars (m/s) (kg/m?)
(GPa)
50 2000 500 1500 240 0.28 5400 7800

The traditional SHPB experiment is based on the one-dimensional stress and uniform
loading conditions on the specimen. The wave equation of the rock specimen under
coupled dynamic and static loads is the same as the classical one-dimensional wave [36]:

0u %u
— - - = 2
Por = Fox2 @)
According to the one-dimensional stress wave theory, values of o(f), e(t), and &(f) can
be calculated using the following formulae:

o(t) = I;‘ie(sl+£R+sT) (3)
e(t) = %:/Ot(sl—sR—sT)dt 4)
{(t) = Ter—er—er) 6)

In Equations (3)—(5), As and A, represent the cross-sectional areas of the specimen
and the bar, respectively; C,, E,, and Ls represent the longitudinal wave velocity, Young’s
modulus of elastic bar, and the length of the specimen [37], respectively; ¢, eg, and et
represent the incident strain, reflected strain, and transmitted strain, respectively. The
forces P; and P, on the two sides of a specimen can be calculated as:

P = EgAe(Sl-i-ER) 6)

Pz = EeAgeT (7)

The experiment requires the stress on both sides of the specimen to reach a balanced
state to avoid axial inertia effects and render reasonable results. According to Equation (6)
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and Equation (7), the stress and strain rate of the specimen in the dynamic compressive
loading process can be calculated as:

o(t) = AIZEeeT 8)
() = ~2 ek ©

Figure 4 shows an example of the stress balance diagram of one typical test. The
transmitted wave (blue curve) is basically coincident with the superimposed wave of
the incident wave and the reflected wave (green curve), which indicates that the speci-
men reaches the stress equilibrium condition during the loading process. Results of the
sandstone specimens after TS are shown in Table 2.

In
e R ©
e Tt

] IntRe

0 50 100 150 200 250 300

Time(ps)

Figure 4. Stress balance diagram of specimens in the dynamic loading process.

Table 2. Experiments performed in this study.

Test Performed

Thin Section Analysis and X-ray Diffraction Test

Specimen conditions

Sandstone specimen before TS

Results obtained

Mineral composition of the specimen

Test performed

TS treatment

Heating level 25°C 250 °C 450 °C 650 °C 850 °C

Cooling method Stove cooling Air cooling Freezer cooling




Minerals 2021, 11, 889

7 of 22

Table 2. Cont.

Test Performed

Thin Section Analysis and X-ray Diffraction Test

Specimen conditions

Sandstone specimens damaged due to TS treatments

Results obtained

Cooling rates of different cooling methods

Test performed

Physical parameter test (before and after TS)

Specimen conditions

Sandstone specimens before TS (not damaged), and specimens after TS treatments (damaged)

Results obtained

Dry density P-wave velocity Porosity Volume

Test performed

Coupled dynamic and static loads mechanical test

Specimen conditions

Damaged sandstone specimens after TS treatments

Results obtained

Dynamic combined strength

Test performed

Scanning electron microscope observation

Specimen conditions

Small pieces of rock chips obtained from the fragments of the sandstone specimens after
mechanical tests

Results obtained

Microscopic fracture, crack, and pore of specimen

3. Results
3.1. Physical Properties of Specimens after TS

Dry density, porosity, and P-wave velocity are important parameters of petrophysical
properties. Testing these parameters is of positive significance for measuring the damaging
effect of TS on the integrity of the rock matrix [35]. In this section, the evolution pattern of
these parameters with the variation of heating level and cooling rate is analyzed based on
the test results.

3.1.1. Dry Density

The buoyancy method suggested by ISRM [33] is adopted to measure the density of
the sandstone specimens. The dry density of sandstone specimens (also P-wave velocity
and porosity introduced in the following) free from TS treatment are used as a reference. For
each cooling method under one heating level, the dry density values of the four specimens
are averaged as listed in Table 3. Figure 5a,b illustrates the result of the variation in the
dry density and the percentage reduction in the dry density of the specimen as a function
of heating treatment, respectively. The dry density reduction percentage is calculated by
Equation (10):

/

DDRP = P ;p % 100% (10)
where DDRP denotes the dry density reduction percentage, and p and p’ are the dry density
of the specimen before and after TS treatment, respectively. Due to the heterogeneity of
rock materials, the dry density values of specimens (also P-wave velocity and porosity
introduced in the following) in the same set of experiments are usually scattered. To
illustrate the variation in experimental results, the standard deviation of the dry density
values are given in Table 3, and the scatteredness of the results is also illustrated in Figure 5a.
The experimental result illustrates that the dry density of the specimen presents a
descending trend with the increasing heating level compared with the untreated spec-
imen. It is worth noting that at the temperature of 450 °C, the dry density of the rock
decreases less significantly (2.52% drop caused by freezer cooled), and a sharp drop
occurs at the temperature of 650 °C (6.37% drop caused by freezer cooled, Figure 5a).
As shown in Figure 5b, at any heating level, as the cooling rate increases, the dry density
reduction percentage increases. Moreover, the percentage drop in dry density caused by
freezer cooling is greater than that caused by air cooling, which indicates that a stronger
effect of TS caused by a higher cooling rate can further aggravate damage to the specimen.
The decrease in the dry density of the specimen is assumed to be caused by the microcracks
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Dry density (g/cm?®)

generated during the heat treatment and cooling process: the generation and development
of the cracks enlarge the pore space inside the rock, thus increasing the volume of the rock
and decreasing the dry density. Such inference is supported by the following experimental
results of petrophysical properties and microstructure observation. As illustrated in Figure 5b,
the data of the percentage reduction in dry density caused by three cooling methods are
exponentially fitted using Equations (11)—(13):

DDRP sto0e cooled) = 2.57 x 106 x T3, R* = 0.98 (11)
DDRP iy coledy = 3-63 x 106 x T*?, R? = 0.99 (12)
DDRP fgezer cooledy = 1.59 x 107> x T8, R? = 0.99 (13)

where T denotes temperature.

Table 3. Averaged dry density (g/cm3) of sandstone specimens after TS.

Temperature (°C)

Parameter
250 450 650 850
Stove-cooled
o 2.441 2.410 2.319 2.241
Tp 0.014 0.002 0.004 0.024
Air-cooled
o 2.438 2.400 2.308 2.217
Op 0.006 0.003 0.004 0.017
Freezer-cooled
o 2.430 2.389 2.294 2.206
Op 0.021 0.006 0.013 0.010

Note: ¢ = standard deviation.

2.5 _
¢ Untreated § 104 = Stove cooled
7 Stove cooled g Air cooled
I - Air cooled g g e Freezer cooled
241 . e Freezer cooled S
Q
Q
= 61 Induced by freezer cooled
[ ] 2 Induced by air cooled
2.3+ : 2
b 5 41
. e
>
L g 24
2.2 [ %
2 01
T T T T 1 Q T T T T
0 250 450 650 850 1000 100 250 450 650 850
Temperature (°C) Temperature (°C)

(a) (b)

Figure 5. (a) Dry density of the specimens versus TS temperature (error bars represent standard deviation), (b) dry density
reduction percentage of three cooling methods versus TS temperature.

3.1.2. P-Wave Velocity

The P-wave velocity can be regarded as a reflection of the integrity and internal
physical properties of the rock. Therefore, P-wave velocity is commonly used for de-
scribing the interior damage in rock. In this work, P-wave velocity is measured by a
non-destructive ultrasonic detector (SETCW A-01 produced by Hunan Sine Electronic
Technology). Petroleum jelly is applied to the two end faces of the specimen to ensure
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the effective connection between the specimen and the sensor during the measurement.
P-wave velocity values of the four specimens are averaged as listed in Table 4, where the
standard deviations of the P-wave velocity values are also given. Figure 6a,b illustrates the
variation of the P-wave velocity and the percentage reduction in the P-wave velocity of the
specimen as a function of the heating level, respectively. The P-wave velocity reduction
percentage is calculated by Equation (14):

Vp — Vp'

PVRP =
Vp

x 100% (14)

where PVRP denotes the P-wave velocity reduction percentage; Vp and Vp' are the P-wave
velocities of the specimens before and after TS treatment, respectively.

Table 4. Averaged P-wave velocity (km/s) of sandstone specimens after TS.

Temperature (°C)

Parameter
250 450 650 850
Stove-cooled
Vp 2.808 2.522 1.756 1.124
oy 0.086 0.107 0.017 0.042
Air-cooled
Vp 2.500 2.358 1.487 1.107
oy 0.274 0.279 0.230 0.080
Freezer-cooled
Vp 2.373 2.134 1.292 1.088
oy 0.287 0.187 0.225 0.115
S50 .
. + Untreated = =  Stove cooled
07 . r = Stove cooled E«o 701 Air cooled
Q ¥ i Air cooled § 60 ® Freezer cooled a
_.E 2.5 $ f e Freezer cooled Eé's() ]
= E
g 2.0 i E 401
= = —§ 304
z . [ B
S 154 | 5 20
g . <
A 2104
1.0 | * 2
g 01
0 250 450 650 850 1000 0o 250 450 650 $50 1000
Temperature (°C) Temperature (°C)
(a) (b)

Figure 6. (a) P-wave velocity of the specimens versus TS temperature (error bars represent standard deviation), (b) P-wave
velocity reduction percentage of three cooling methods versus TS temperature.

As shown in Figure 6a, the P-wave velocity is negatively correlated with heating
temperature. In the first three temperature levels, compared with stove cooling, the P-wave
velocity reduction caused by air cooling and freezer cooling is greater, which indicates
that the higher cooling rate causes more damage to the sandstone Figure 6b. The high
temperature causes the strongly bound water and constitutional water inside the rock
to escape, which leads to the evident damage of the mineral crystalline structure and
the increase in microcracking [38—42]. In particular, a sharp drop occurs at 650 °C. For
instance, the sandstone specimens heated to 250, 450, and 650 °C and stove-cooled can
cause a reduction in the average P-wave velocity of around 2.5%, 12.43%, and 39.03%; the
corresponding reduction in the specimen after air cooling is 13.19%, 18.13%, and 48.37%.
The corresponding reduction in the specimen after freezer-cooling is up to 17.60%, 25.90%,
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and 55.14%, respectively. The main reason for this phenomenon might be that the effect of
TS can cause additional damage to the internal structure of the sandstone, resulting in a
decrease in the P-wave velocity. Such a trend is in accordance with that of dry density. At a
temperature of 850 °C, the magnitude of P-wave velocity reduction caused by the three
cooling methods is almost equal, which indicates that the cracks and pores caused by the
heating at 850 °C are sufficient to accommodate the damage generated during the cooling
process. As illustrated in Figure 6b, the data of the percentage reduction in P-wave velocity
caused by three cooling methods are fitted by Equations (15)—(17):

PVRP stove cooledy = 284 % In(0.18 x In(T)), R* = 0.87 (15)
PVRP (4ir cootedy = 61 — 48/(1 + (T/577)%), R* = 0.81 (16)
PVRP froezer cooledy = 235 % In(0.19 x In(T)), i* = 0.88 (17)

3.1.3. Porosity

According to the method suggested by ISRM, the porosity of sandstone is measured
by the buoyancy technique [33]. The average porosity values of the four specimens and
the standard deviation of the porosity values are given in Table 5. Figure 7a,b illustrates
the variation of the porosity and the percentage reduction in the porosity as a function of
heating level, respectively. The porosity increase percentage is calculated by Equation (18):

/_

P'—P
PIP = x 100% (18)

where PIP denotes the porosity increase percentage; P and P’ are the porosity of the
specimens before and after TS treatment, respectively.

Table 5. Averaged porosity (%) of sandstone specimens after TS.

Temperature (°C)

Parameter
250 450 650 850
Stove-cooled
P’ 5.57 6.24 9.03 10.29
op 0.19 0.10 0.0076 0.52
Air-cooled
P’ 5.59 6.39 9.48 10.91
op 0.13 0.0079 0.30 1.53
Freezer-cooled
P’ 5.66 6.54 10.08 11.16
op 0.11 0.24 0.92 0.71

Compared with the untreated specimen, the porosity of the specimen presents an
ascending trend as the heating level rises as shown in Figure 7a. From 250 to 450 °C, the
growth in porosity is comparatively slow. The corresponding porosity caused by the stove
cooling increases by 5.49% and 18.18%; the porosity caused by air cooling increases by
5.87% and 21.02%, and the porosity caused by freezer cooling increases by 7.2% and 23.86%,
respectively. However, similar to the previous trend of dry density and P-wave velocity
of sandstone, the porosity of sandstone also has a similar large variation at 650 °C. The
porosity of sandstone caused by stove cooling, air cooling, and freezer cooling increases by
71.02%, 79.55%, and 90.91%, respectively. Furthermore, the percentage of porosity increase
caused by air cooling and freezer cooling both exceed 100% at 850 °C, increasing by 106.63%
and 111.36%, respectively. As shown in Figure 7b, the percentage of the porosity increase
caused by freezer cooling is greater than that caused by air cooling, which indicates that
higher cooling rates have a significant effect on sandstone porosity. The heating treatment
and cooling process produce microcracks in the sandstone, which increase the volume
of sandstone, thus increasing its porosity. As the porosity of sandstone increases, the
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dry density and P-wave velocity of sandstone decrease. This is the reason that the dry
density and P-wave velocity of sandstone decrease. As illustrated in Figure 7b, the data
of the percentage of porosity increase caused by three cooling methods are fitted with
Equations (19)-(21):

PIP stove cooledy = 103 x T®/(573% + T%), R? = 0.99 (19)
PIP iy cooled) = 116 x T°/(574° + T%), R? = 0.99 (20)
PIP fycezer cooled) = 116 x T7/(5437 + T7), R* = 0.99 (21)

120
- @ o o,
13 ¢ Untreated - St_ovc cooled
= Air cooled
12 4 = Stove cooled _ ~ 100 -
: S ® Freezer cooled

0 Air cooled ° =

& * Freezer cooled ! 5 80+
=~ + 8
< 104 L4 [ 5
> ! o

."i 94 - % 60
o <
5 gl )

= S 40
L 2

H ‘2 20
6 - 2
N ' e

54 0 -

T T T T 1 T T T T 1
0 250 450 650 850 1000 100 250 450 650 850 1000

Temperature (°C)

(@)

Temperature (°C)

(b)

Figure 7. (a) Porosity of the specimens versus TS temperature (error bars represent standard deviation), (b) porosity increase
percentage of three cooling methods versus TS temperature.

3.2. Dynamic Combined Strength of Sandstone

To demonstrate the effect of TS on the dynamic mechanical characteristics of sandstone
specimens, the representative stress—strain curves of sandstone specimens cooled with
different cooling methods are shown in Figure 8 as an example. As can be seen from
the figures, the dynamic stress—strain curves of five groups of sandstone specimens enter
the elastic stage at the beginning of the rising phase. As the strain increases, the tangent
modulus of the sandstone specimen gradually decreases, and with the increase in heating
level, the dynamic load peak stress of the sandstone specimen decreases gradually under
the same cooling method. As shown in Figure 8, at lower heating levels (e.g., 25, 250,
and 450 °C), the strain of the post-peak curve decreases with the decrease in stress, which
is called springback [20]. At higher heating levels (e.g., 650 and 850 °C), no springback
can be observed. Based on the test results, the dynamic combined strength of specimens
can be obtained as the peak value of the stress—strain curves, which can be regarded as
a reflection of the capacity of the impact resistance. In the coupled dynamic and static
loading experiment, the dynamic combined strength of the specimen is represented by the
sum of the axial static stress and the dynamic compressive strength, Equation (22):

Pucs = Pas + Pycs (22)
where Pyjcs is the dynamic combined strength; P, is the axial static stress; Py is the
dynamic compressive strength.
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Figure 8. Dynamic stress—strain curve of the sandstone specimens: (a) stove-cooled; (b) air-cooled; (c) freezer-cooled.

The dynamic combined strength values of the specimens before and after TS treat-
ments are listed in Table 6. As shown in Figure 9, the dynamic combined strength of
the specimen presents a descending trend with the increasing heating level. When the
temperature of TS treatment was less than 450 °C, the maximum drop of 21.48% of the
dynamic comprehensive strength was caused by the freezer cooling. It was noticed that a
sharp drop in strength (48.45% by air-cooled and 56.86% by freezer-cooled) occurs at the
heating temperature of 650 °C, which was in accordance with the observation that the dry
density and P-wave velocity decrease and porosity increases significantly at 650 °C. It is
known that the crystal structure of quartz goes through «—f transition at the temperature
of 573 °C [43—-45]. Therefore, in this study, the a—f3 transition of quartz occurred in the
sandstone at the heating level of 650 °C and above. The «—f transformation can cause a
change in the geometry of the quartz, which encourages the development of pores between
the mineral particles, resulting in additional damage and a decrease in the strength of the
sandstone. At 850 °C, the dynamic combined strength decreases by 58.05% for air-cooled
specimens and decreases by 59.31% for freezer-cooled specimens, which is in accordance
with the trend of the physical properties of sandstone after TS. For each heating temper-
ature, the dynamic combined strength of freezer-cooled specimens is lower than that of
air-cooled specimens, which indicates a higher degree of damage caused by the higher
cooling rate.

Table 6. Averaged dynamic combined strength (MPa) of sandstone specimens after TS.

Temperature (°C)

25 250 450 650 850

Parameter

Untreated
Pucs 167.6
Stove-cooled
Pucs 158.1 144.8 89.5 73.8
Air-cooled
Pucs 148.5 132.0 86.4 70.3
Freezer-cooled
Pucs 161.3 131.6 72.3 68.2
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Figure 9. Dynamic combined strength of the specimens versus TS temperature.

3.3. Failure Mode of Sandstone under Coupled Dynamic and Static Loads

In this section, the failure modes of TS-treated sandstone specimens are analyzed and
discussed under coupled dynamic and static loads. Figure 10 shows the failure modes of
sandstone specimens cooled in the stove after heating at four different temperature levels.
When the heating temperature is below 650 °C, fractures along the loading direction are
observed in the specimen suggesting an axial splitting tensile failure mode (Figure 10a—c).
However, when heating treatment reaches 850 °C, the fractures are along the two primary
failure paths and some local failure is induced. In this case, the sandstone specimen primar-
ily experiences axial splitting tensile failure, while shear failure occurred in the lower left
and right corner Figure 10d. The reason for this phenomenon is that the heating tempera-
ture up to 850 °C damages the internal structure of the rock substantially. Large amounts
of thermal microcracks are induced, and these microcracks propagate and merge into
macrocracks during the loading process. For the specimens cooled in air, when the heating
temperature is 250 °C, the induced fractures are along a main failure path, and the failure
mode was axial splitting tensile failure (Figure 11a). However, local shear failure is also
observed at the lower-left corner of the specimen at a heating level of 450 °C (Figure 11b).
At a higher heating temperature of 650 °C, the proportion of local shear failure at the
lower-left corner was greater than that of 450 °C (Figure 11c). It is also worth noting that a
large number of cracks occur in the sandstone at 850 °C during the loading process. These
cracks merged into macrocracks, which resulted in fracture patterns with no clear dominant
path (Figure 11d). Comparing with the air-cooled specimens, the higher cooling rate caused
by freezer cooling causes more damage to the internal structure of the rock. As shown in
Figure 12a, the failure mode of sandstone specimens is mainly an axial splitting tensile
failure, while shear failure occurred in the upper part of the sandstone at 250 °C. A large
number of cracks appeared in the specimen and merged into macrocracks during the load-
ing process at 450 °C. The failure mode of sandstone specimens was mainly shear failure,
while axial splitting tensile failure occurred in the middle of the sandstone in Figure 12b.
At 650 °C, the failure mode of the sandstone specimen becomes shear failure in Figure 12c.
The failure mode of sandstone caused by freezer cooling is similar to that caused by air
cooling at 850 °C, where no clear main failure path can be determined (Figure 12d). The
coupled dynamic and static loading experiment results show that under the same heating
temperature, the failure mode is influenced by different cooling methods. It is assumed
that due to that the weakening of the internal structure of the sandstone caused by the
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higher cooling rate, more microcracks are produced, and the fracture preferentially occurs
along the microcracks during the loading process, which leads to differences in the failure
mode of the sandstone.

Figure 11. Failure processes of air-cooled sandstone specimens after heating: (a) 250 °C; (b) 450 °C; (c) 650 °C; (d) 850 °C.

% 286LJs = E

143us
()

Figure 12. Failure processes of freezer-cooled sandstone specimens after heating: (a) 250 °C; (b) 450 °C; (c) 650 °C; (d) 850 °C.

3.4. Microscopic Characteristics of Sandstone Failure

Due to the heterogeneity and anisotropy of rock minerals, the rock specimens subjected
to TS can produce different microscopic fracture morphologies. SEM imaging is used to
analyze the microscopic fracture of specimens after dynamic loading. In this way, changes
in the internal microstructure can be described, thus elucidating the variations in physical
and mechanical properties of the sandstone specimens. At a heating temperature of 250 °C,
although some pores exist in the stove-cooled specimen, the mineral particles are tightly
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cemented and no apparent cracks were observed (Figure 13a). However, some significant
cracks and transgranular fractures are observed if the specimen experiences fast cooling
(Figure 13b,c). Microscopic observation also indicates that, compared with the fracture
morphology of the rock under high-temperature treatment in Figure 13d-l, the fracture of
the rock under low-temperature treatment is smooth, and mainly transgranular fractures
with fewer local intergranular fractures as shown in Figure 13a—c. The main reason for
this phenomenon might be that the lower heating temperatures weaken the cementation
of rock minerals, but still maintains the strong interlocking between the mineral particles,
which makes the major fracture path go through instead of along the mineral particles,
thus resulting in a smooth fracture surface. As seen in Figure 13d—f, intergranular fractures
gradually increase with the increase in cooling rate. It is worth noting that when the heating
temperature reaches 650 °C, the microscopic fracture surface appears more uneven, and
a large number of pores and debris are observed. This observation is in accordance with
the sudden change in the physicomechanical properties of sandstone at 650 °C. When the
sandstone is heated at 850 °C and cooled by the freezer, the microstructure of the sandstone
becomes looser, containing more pores and debris. The main reason for this phenomenon is
assumed to be that such a high temperature aggravates the damage of the internal structure
of the rock, which severely reduces the particle—particle or particle-cement bonding ability,
thus resulting in the frequent occurrence of intergranular fractures.

SEMHV:200kV | WD:1469mm | | | | SEMHV:200kV  WD: 1513 mm SEMHV:200kV | WD: 1523 mm L VEGA3 TESCAN|
View field: 208 ym Det: SE View field: 208 ym Det: SE View field: 208 ym Det: SE 50 pm
SEM MAG: 1.00 kx BI: 15.00 o nce in nan BI: 15.00 or o in ce SEM MAG: 1.00 kx BI: 15.00 Performance in nanospace

SEMHV:200kV | WD: 15.06 mm VEGA3 TESCANJl  SEM HV: 20.0kV WD: 24.11 mm VEGA3 TESCANJJll SEMHV:200kV | WD: 1499 mm VEGA3 TESCAN|

View fiold: 208 ym Dot: SE 50 pm View fieid: 208 pm Dot: SE 0pm View field: 208 ym Det: SE 50pm
SEM MAG: 1.00 kx. BI: 15.00 Performance in nanospace SEM MAG: 1.00 kx BI: 15.00 Performance in nanospace SEM MAG: 1.00 kx BI: 15.00 Performance in nanospace

Figure 13. Cont.
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Figure 13. SEM images of fracture morphology after TS: (a) T = 250 °C, stove-cooled; (b) T =250 °C, air-cooled; (c) T =250 °C,
freezer-cooled; (d) T = 450 °C, stove-cooled; (e) T = 450 °C, air-cooled; (f) T = 450 °C, freezer-cooled; (g) T = 650 °C, stove-
cooled; (h) T = 650 °C, air-cooled; (i) T = 650 °C, freezer-cooled; (j) T = 850 °C, stove-cooled; (k) T = 850 °C, air-cooled;
() T =850 °C, freezer-cooled.

4. Discussion
4.1. Effect of Quartz Content

The thermal expansion of minerals is closely related to the increase in rock volume
in the thermal loading process. Specifically, the thermal expansion coefficient of quartz
is significantly greater than that of other minerals [46—48]. In this study, quartz content
accounts for the largest proportion of the mineral composition of the sandstone specimens.
Therefore, the content of quartz greatly affects the action of TS in rocks. The volume of the
rock before and after TS treatment is measured by the method recommended by ISRM [1].
The volume increase percentage is calculated by Equation (23):

Vo — Wy
1

vV = x 100% (23)
where V’/ denotes the volume increase percentage; V7 and V) are the dry density of the
specimen before and after TS treatment, respectively. Figure 14 illustrates that the volume
increase percentage of the specimen presents an ascending trend with the increasing heating
level. Attwo temperature levels of 250 and 450 °C, the volume of sandstone after air cooling
slowly increased to 0.12% and 1.53%, while the volume of sandstone after freezer cooling
increased by 0.29% and 1.44%, respectively. This may be due to the comparatively low
expansion rate of the minerals, and the fact that a large number of new pores had not yet
formed, which can also be corroborated from Figure 13a—f. A significant increase in the
volume of sandstone was observed at the heating level of 650 °C. The volume of sandstone
increased by 2.55% after air cooling and increased by 3.28% after freezer cooling. The
main reason for this phenomenon might be that the thermal expansion of mineral particles
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occurred extensively. The difference in thermal expansion coefficient between quartz and
surrounding minerals can cause higher local thermal stress at the boundary of the quartz,
which leads to significant deformation discrepancy. At the same time, the x—f3 transition of
quartz occurring at 573 °C can further promote the change of quartz geometry and cause
additional damage, which explains why a large number of cracks and pores are observed
in the sandstone at 650 °C in Figure 13h,i. When the heating temperature rises to 850 °C,
the volume increase rate of sandstone after air cooling was up to 7.90%, while the volume
increase rate of sandstone after freezer cooling was up to 7.85%. This indicates that at a
higher heating level, the mineral thermal expansion of the specimen can further develop
and the differences caused by the thermal expansion coefficients of various minerals cause
more damage to the specimen. Thus, the volume of the specimen continues to increase.
This is in accordance with the microscopic observations in Figure 13k,1.
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<
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Figure 14. Volume increase percentage of three cooling methods versus TS temperature.

4.2. Damage Mechanisms of Sandstone Induced by Thermal Shock

The damage mechanism of thermal shock to rock is affected by many factors, such as
the initial structure of the rock itself, anisotropy, non-uniformity of thermal expansion of
minerals, and temperature gradient [49]. In this study, the single TS condition discussed is
a mechanism that mainly involves the application of thermal loading in a comparatively
short period of time, where the cooling rate induced by rapid temperature change causes
damage to the object. In the process of cooling, the surface of the rock undergoes a rapid
temperature drop. Due to the rock’s poor conductivity of heat, the temperature of the
inside of the rock specimen cannot change at the same rate as the surface. Therefore, a
temperature gradient is formed, which causes uneven thermal stress distributions inside the
rock specimen and forms certain thermal crack patterns corresponding to the temperature
gradient. When different cooling methods are applied, a different cooling rate at the surface
of the specimen is caused. Therefore, different patterns of temperature gradient are formed
inside the specimen, and the number of thermal cracks also changes. This again affects
the physical and mechanical properties of the rock specimen. For example, for specimens
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heated at the same high temperature, the cooling rate provided by freezer cooling is greater
than that provided by air cooling. Therefore, a steeper temperature gradient can be formed
by freezer cooling, and thus the thermal stress between mineral particles caused by the
freezer cooling is significantly greater than that caused by air cooling. The joint action of
the higher thermal stress between mineral particles and that originating from temperature-
gradient resulted in more remarkable damage in the freezer cooling case than in the air
cooling case.

A series of effects of TS on sandstone can be observed in the range of nanometers to
meters. The two main fracture modes (orthogonal and polygonal fractures) are believed to
be caused by TS from the macro-perspective as shown in Figure 15a [14]. In this study, the
micro-perspective is used to discuss the microscopic fracture morphology of sandstone.
The observation shows that the above two typical fracture modes can be also observed
in the microscopic fracture morphology of sandstone after TS. It is reasonable to assume
that the macroscopic orthogonal and polygonal fractures caused by TS evolve from the
microscopic fractures of the same pattern. In addition, a kind of transcrystalline step-
like fracture morphology can always be observed as shown in Figure 16. Whether this
transcrystalline stepped pattern is the characteristic of the typical fracture morphology of
sandstone after TS treatment remains to be verified.

‘H | :\é:F -
2nd

3rd

Orthogonal fractures Polygonal fractures
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View field: 208 pm
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Figure 15. Fracture surfaces of sandstone specimens after TS: (a) two main fracture modes (orthogonal and polygonal

fractures) [14], (b) microscopic fracture morphology corresponding to two main macroscopic fracture modes.
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Figure 16. Transcrystalline step-like fracture pattern of sandstone.

5. Conclusions

In this study, a modified SHPB system is adopted to carry out the coupled dynamic

and static loading experiments on sandstone after TS with different cooling rates. Based on
the scope of this study, the following conclusions can be drawn:

1.

As the heating level increases, the dry density and P-wave velocity of the heated
sandstone decrease, while the porosity increases. In particular, a sharp change in
the physical properties of sandstone can be observed at 650 °C. At any heating level,
the dry density and P-wave velocity of the freezer-cooled sandstone specimens are
lower than that of the air-cooled sandstone specimens, whereas the porosity has the
opposite trend;

The dynamic combined strength of sandstone decreases as the heating level rises.
For the same heating levels (450-850 °C), the freezer-cooled specimen has lower
dynamic combined strength than the air-cooled specimen. In addition, a sharp drop
in the dynamic combined strength occurs at the heat temperature of 650 °C, which is
believed to be caused by the -3 transition of quartz at 573 °C;

The failure mode of sandstone changes with the increase in temperature. In addition,
higher cooling rates also have a significant impact on the failure mode of sandstone
for each heating level. In addition, mainly transgranular fractures occur at lower
heating levels such as 250 °C, whereas large amounts of intergranular fractures occur
at higher temperatures (450-850 °C);

The TS condition can occur inside the rock during the air cooling and freezer cooling
process. It is understood that the mechanism of TS is affected by many factors. In
this work, the mechanism of TS mainly takes into account the combined effect of
the non-uniformity of mineral thermal expansion and temperature gradient, both
of which promote the development of rock cracks and pores and cause a change
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in the microstructure. In particular, two typical fracture patterns (orthogonal and
polygonal fractures) reflecting the action of TS are observed through SEM, and a kind
of transcrystalline step-like fracture morphology is also observed.
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