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Abstract

This paper studied the physical-mechanical properties and damage mechanism based on porous structure evolution after
continuous/periodic heating with identical 10 h of heating. Nuclear magnetic resonance was used to investigate the pore
characteristics and microscopic damage of thermally treated sandstone. This research performed Brazilian tensile strength
(BTS) and unconfined compressive strength (UCS) tests. The digital image correlation and acoustic emission (AE) techniques
were applied to track the strain evolution and monitor the acoustic signal feature during the UCS loading process. The results
suggested that, at 200 °C, the periodical heating—cooling specimens show thermal strengthening after multiple thermal cycles,
resulting in higher UCS than the continuously heated specimens. However, the UCS of periodical heating specimens is lower
than that of the continuously heating ones at 400 ~ 800 °C. In addition, the BTS and UCS initially increased at 200 ~400 °C
due to thermal-induced enhancement and then decreased at higher temperatures for the continuously heating—cooling speci-
mens. The evolution of mechanical damage based on AE confirmed that periodic heating promotes cracks more in the same
heating time. The periodic treatment stimulates the initiation, propagation, and coalescence of nanopores, but mesopores
and macropores play a leading role in the mechanical properties. The porous structure evolution is a dynamic process, and
the multiple porosities show different characteristics under different temperatures and thermal conditions. Thermal fatigue
increases the uniformity coefficient of pores. Repeated treatment at 200 °C enhances the brittleness of sandstone, while
periodic heating at high temperatures results in brittle-ductility and failure mode transition.

Keywords Sandstone - Periodic heating - Water cooling - Nuclear magnetic resonance - AE monitoring - Digital image
correlation

Introduction

In recent years, with the requested enhancement of geotech-
nical engineerings such as geothermal resources exploita-
tion, deep mining, underground coal gasification, post-fire
restoration of underground rock engineering, and deep
disposal of high-level radioactive wastes, more and more
research has focused on the physical-mechanical properties
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of rocks in a high-temperature environment (Kumari
et al. 2017; Laouafa et al. 2016). In these environments,
sandstone is under continuous or cyclic high temperatures in
general, which impairs the long-term stability of the under-
ground engineering rock mass. In underground coal gasifi-
cation (UCG) projects, the temperature of sandstone over-
burden can reach about 1000 °C (Laouafa et al. 2016; Niu
et al. 2014). Fired underground structures such as tunnels
are at a high temperature prior to extinguishing the fire and
subjected to quenching during fire extinction. Therefore, the
impact of heating—cooling on the physical-mechanical prop-
erties of rocks should be considered in the reestablishment
after the fire (Ferreira et al. 2014; Smith and Pells 2008). In
addition, it is necessary to consider the cyclic water-cooling
effect of high-temperature sandstone in the study of cool
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water recharging in hydrothermal geothermal and water
injection in aquifer thermal energy storage (ATES) systems
(Fleuchaus et al. 2018; Hahnlein et al. 2013). Therefore,
to ensure the safety and sustainable exploitation of under-
ground rock engineering, it is critical to explore further the
influence of sandstone microscopic porous structure evolu-
tion on macroscopic mechanics under high temperatures.
Numerous studies have shown that high temperatures
change physical parameters, impair the pore structure, and
weaken the mechanical properties of rocks. The physical
properties and strength of sandstone degrade with the tem-
perature rising, which is reflected in the decrease of UCS
(Griffiths et al. 2017; Kumari et al. 2017; Ranjith et al. 2012),
static splitting strength (Huang et al. 2021; Sirdesai et al.
2016), P-wave velocity, and other physical parameters (Sun
et al. 2017a). Some scholars reveal that the BTS and UCS
convert from rising to dropping with temperature increase,
which may be at 200 °C, 300 °C, 400 °C, and 500 °C, respec-
tively (Chen et al. 2012; Zhao et al. 2022a; Ranyjith et al. 2012).
The performance enhancement is caused by the closure of
micropores/microfractures and free water loss. In terms of
deformation analysis, a brittleness-ductility transformation
of rock is observed with rising temperatures (23—-1100 °C)
(Shao et al. 2015; Sirdesai et al. 2017). Besides, some studies
have found that the AE signature, such as cracking number
and during the time of rocks after or under high temperature,
is significantly different from those under normal tempera-
ture (Guo et al. 2020; Isaka et al. 2018; Miao et al. 2020;
Yu et al. 2020). Many priors have investigated the effect of
thermal treatment conditions on the pore structure and per-
meability characteristics (Meredith et al. 2012; Yavuz et al.
2010). Ding et al. (2016) and Yang et al. (2017) found that
the permeability coefficient of sandstone fluctuates slightly
in the range of 100—400°C and the porosity and permeability
coefficient increase sharply with a further rise in tempera-
ture. Mineral composition and distribution, crack initiation
and propagation, and moisture release are the main factors
that determine the microstructure and mechanical behavior
of sandstone after heating (Bi et al. 2022; Brotdns et al. 2013;
Fredrich and Wong 1986; Kim et al. 2014; Kompanikova
et al. 2014; Richter and Simmons 1974; Sun et al. 2017b).
Sandstone is however not persistently in a high-temperature
state in many cases. In geothermal extraction, rocks around
production and reinjection wells will inevitably cool down
with cold water injection. Moreover, within different pro-
cesses of UCG exploitation, the overburden is in temperature
cycles. The cyclic thermal treatment will damage the rock
structure and significantly alter the strength, elastic modulus,
fracture toughness, and permeability (Griffiths et al. 2018;
Kumari et al. 2017; Rawal and Ghassemi 2014). Generally,
rock quenching will change mechanical behavior and defor-
mation characteristics and enhance permeability (Bi et al.
2020; Breede et al. 2013; Brotons et al. 2013; Caulk et al.
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2016; Grant 2016; Jin et al. 2019; Sarici 2016; Siratovich et al.
2015; Zhu et al. 2018).

However, previous studies have the following shortcom-
ings: (1) In the thermal environment such as UCG sur-
rounding rock and geothermal reservoir, there are not only
areas of repeated heat exchange but also areas that maintain
high temperatures for a long time. Earlier papers mostly
focused on the degradation of rock physical-mechanical
properties with the number of thermal cycles. The differ-
ences in porous structure and physical-mechanical prop-
erties between continuous and periodic heating—cooling
have received little attention in a unified time scale. (2)
The effect of thermal fatigue on the porous structure is a
dynamic process. The previous literature focuses more on
porosity, and the quantitative investigation of multiscale
pore evolution is insufficient. (3) Unlike the commonly
concerned granite, this paper selects sandstone in under-
ground coal gasification surrounding rock (overburden
temperature may be as high as 800~ 1300 °C) and geo-
thermal reservoir for research.

Given this, this paper conducted low field nuclear mag-
netic resonance (LF-NMR) and physicomechanical tests on
sandstone continuously heated for 10 h and on sandstone
periodically heated for a total of 10 h in five cycles at 200,
400, 600, and 800 °C, respectively. The digital image cor-
relation (DIC) technique tracked the surface deformation of
specimens, and the AE signal was also recorded in the UCS
tests. The research aims to systematically analyze the influ-
ence of sandstone microscopic porous structure evolution
on macroscopic mechanics with continuous and periodic
heating—cooling treatments in the same heating time. The
results will support underground coal gasification and geo-
thermal exploitation and contribute to the structure evalua-
tion, repair, and reinforcement of underground engineering
exposed to fire conditions.

Experimental details
Specimen preparation

Specimens were taken from the sandstone bedrock of the
interior formations in Jiangsu province, China. The sand-
stone collected for testing mainly consists of quartz, albit,
anorthite, and nacrite. The rock specimens are compact,
without fractures and macrocracks. A total of 64 speci-
mens were prepared, half made into Brazilian disks with
a diameter of 50 mm and a thickness of 25 mm. The rest
32 specimens were made into 100 mm X 50 mm cylin-
ders for the UCS test. All these were applied according
to the International Society of Rock Mechanics (ISRM)
criterion.
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Periodic heating—cooling treatments

In this study, we compared continuous and periodic thermal
loading schemes, with identical total heating times (10 h), at
200, 400, 600, and 800 °C, respectively (Fig. 1). Meanwhile,
two cooling methods for air and water cooling were set up
for each scheme. The specimens were dried in an air-dried
oven at 105 °C for 6 h (Han et al. 2019; Pathiranagei and
Gratchev 2021), followed by heated from room temperature
(25 °C) to the preset temperature at a linear heating rate
of 15 °C/min. For continuous heating and then air cool-
ing scheme, once kept at the target temperature for 10 h,
the specimen will naturally cool to room temperature. We
marked these specimens at different temperatures as A1-200,
A1-400, A1-600, and A1-800. In addition, the water cooling
sandstone water will be immediately cooled in the 25 °C
oscillating thermostatic water tank after heating, recorded
as W1-200 to W1-800. For the periodic thermal loading
scheme, the specimens were heated for 2 h and then cooled
in two different ways, and this is one single cycle. The whole
process of the treatment needs to be repeated five times. The
total heating time of specimens marked the periodic heating
ones was 10 h, the same as that of the continuous heating
ones. In this paper, the name of specimens was marked as:

Fig.1 The schematic diagram
of the experimental procedure
of thermally loaded sandstone
Target temperature —|

“cooling method (W or A)” + “temperature (200, 400, 600,
and 800)” + “-heating scheme (1 represented continuous
heating and 2 represented periodic heating)”.

Experimental equipment and methodology

The characteristics and evolution of pore structure were
represented by MacroMR-150H-1 LF-NMR instrument
produced by Suzhou Newmine Analytical Instruments Co.
LTD (Fig. 2b). Before measuring, the specimens were vacu-
umed for 6 h and followed by saturated with distilled water
for 24 h. After saturation, we removed the specimens from
the water and wiped off the remaining moisture stains on
the surface. The samples were wrapped with a cling film to
prevent water evaporation caused by the temperature rise
during nuclear magnetic resonance.

The DSZ-1000 stress—strain controlled triaxial shear pen-
etration tester was used to carry out the BTS and UCS tests
(Fig. 2¢). The data acquisition system automatically records
all real-time data 5 times per second. The BTS and UCS
tests were performed at 0.05 kN/s and 0.05 mm/min loading
rates, respectively. Furthermore, we employed DIC to record
the evolution of the total strain field on the sandstone surface
during uniaxial compression.

Continuous he/ating Five cycles of heating

Heatin{

25C

Air cooling

Water/cooling

Time (hours)

(a) schematic diagram of thermal loading.

Continuous heating-cooling treatment

Heating for 10h
(200 °C~800 °C)

{ Cooling in air —

Cyclic heating-cooling treatment

Heating for
2hx5=10h
(200 °C~800 °C)

Unconfined
Cooling in water — compression
{ | | with AE, DIC and
Cooling in air = NMR

Cooling in water —]

Brazilian splitting

(b) complete experiment procedure
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Fig.2 Experimental equipment:
a high-temperature furnace; b
LF-NMR tester; ¢ schematic
view of the experimental system

Servo power and

Magnet cabinet nteractive system

Spectrometer system and |
radio frequency unit

(b)

Servo controller

(0]

[ |

8 channel AE system

. illuminant

Data acquisition and
control system

Image
processing
system

signal amplifier

The 8-channel PCI-2 full-digital acoustic emission moni-
toring system, developed by the American Physical Acous-
tics Company, was employed in this study (Fig. 3c). In order
to avoid affecting the DIC imaging, two probes were taped
on the backside of the uniaxial specimen. The acoustic cou-
pling agent was applied between the probe and the rock sur-
face to improve the signal acquisition rate. The sampling
frequency is 1 Msps, the gain is 40 dB, and the threshold
is 40 dB. Mechanical experiments, 3D digital photographic
acquisition, and AE monitoring were carried out simultane-
ously to ensure data synchronization.

The physical properties of density and P-wave velocity
were also measured before and after thermal treatment.

Fig.3 The appearance of pre-
pared sandstone with different
heating—cooling treatments. a
Continuously heated cylinder.
b Periodically heated cylinder.
¢ Continuously heated Brazil
disk. d Periodically heated
Brazil disk
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Results and analysis of nondestructive tests
Physical test

Figure 3 is the schematic diagram of the appearance of spec-
imens under different treatment conditions. With the differ-
ence in temperature, heating scheme, and cooling method,
the apparent color and morphology of the specimens show
noticeable differences. The surface color at 200 °C is all
light gray, while the color at 400~ 800 °C is pale reddish-
brown. Changes in appearance indicate that the mineral
composition of sandstone has altered complexly after heat-
ing—cooling treatment.

(b) (© (d)
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Furthermore, when the temperature rises, the surface
of the thermal-treated specimen gradually becomes rough
and even initiates macrocracks. Naked eyes can observe
no macrocracks on the surface of specimens at 200 °C
and 400 °C, but numerous microcracks have been induced
(Heuze 1983). When the heating temperatures rise to
600 °C and 800 °C, the macrocracks can be observed
visibly by the naked eye (Fig. 3b, d). The periodic heat-
ing—cooling specimens (A2 and W2) have more severe
damage than the continuous ones (Al and W1). And the
water-cooled specimens (W1 and W2) have more obvious
macroscopic damage than air-cooled ones (Al and A2).
The density was measured based on mass and volume,
listed in Table 1.

Figure 4 shows the variation in porosity with tempera-
ture. The Al sample shows a 2.9% reduction in poros-
ity from 200 to 400 °C. On the other hand, the porosity
increases monotonically with the temperature for the peri-
odically treated specimens A2, W1, and W2. The porosity
growth of A2 is less than that of W2. At 400~ 600 °C,
the increasing porosity trend becomes more visible. At
200 °C, the porosity of A2 and W2 is smaller than that of
A1l and W1, respectively. With the increase of tempera-
ture, the porosity of the periodic heat treatment sample
is larger than that of the continuously heated sample. In
addition, the results of porosity changes also show that the
difference between the porosity of 2A and 1 W is relatively
close at the same temperature. The detailed measurement
data are summarized in Table 1.

20
B Al
18] a2 v
—A—W1
v w2
<16 o
214 X/ '
=124 v
A 2
10 ; o
gl ; ; ;
200 400 600 800

Temperature (°C)

Fig.4 Porosity varies with temperature under different treatments

Ultrasound characteristics

Ultrasonic wave velocity is widely used in the characteriza-
tion of thermal cracking and the quantification of overall
damage. The average P-wave velocity (Vp) of specimens
treated by different methods was measured and plotted in
Fig. 5. Vp tended to decrease with the temperature increase.
Vp attenuation amplitude of periodic heating specimen is
more significant than continuous heating. With the same
heating scheme, the Vp of the water-cooled specimen is
lower than that of the air-cooled one. By comparing A2-200
and W1-200, the Vp of A2 is higher than that of W1. For
example, at 200 °C, Vp of A2-200 is 2.9% higher than

Table 1 The physical and mechanical properties of sandstone specimens after different thermal loading

Specimen  Thermal loading scheme Heating time  Cooling medium  p Ve @ oy oy Ucs,; Ucs,
(g/cm3) (m/s) (%) (MPa) (MPa) (MPa) (MPa)
A1-200 Continuous heating—cooling  1x10=10h  Air 2.36 2439 104 254 2.48 44.3 41.0
Al-400 (1A group) 2.36 2300 101 275 237 572 682
A1-600 2.30 1399 128 1.78 151 428 387
A1-800 231 1243 143 098 116 370 174
A2-200 Periodical heating—cooling Water 2.35 2354 9.8 2.17 2.31 50.0 55.6
A2-400  (2A group) 2.36 2151 115 221 215 350 457
A2-600 2.33 1191 131 1.13 141 266 341
A2-800 231 719 156 043 078 191 29.1
W1-200 Continuous heating—cooling  5%2=10h Air 2.35 2273 11.1 212 2.56 42.6 53.1
wi-400 (I W group) 2.34 2106 113 196 184 384 505
W1-600 231 1369 13.6 146 153 290 499
W1-800 232 1193 149 050 090 235 314
W2-200 Periodical heating—cooling Water 2.36 2128 94 194 232 48.9 63.5
w2-400 (2 W group) 2.35 1651 125 1.87 1.45 193 249
W2-600 232 345 141 052 075 13.1 237
W2-800 224 139 183 - - 7.6 0.2

p average density of disc and cylinder specimens, V) longitudinal wave velocity, ¢ porosity, o, tensile strength, ucs uniaxial compressive

strength.
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Fig.5 Variation in Vp of sandstone after different thermal loading
schemes

Vp of W1-200. However, the situation is the opposite at
higher temperatures (600 °C or 800 °C). When the tempera-
ture is 800 °C, Vp of W1-800 is 13.7% higher than Vp of
A2-800. This indicates that, at lower temperatures, the cool-
ing method has a more significant impact on the rock than
the heating scheme. The higher the temperature, the more

micro-defects generate by periodic heating, which results in
Vp of A2-800 lower than that of W1-800.

Results and analysis of Brazilian splitting tests
Load-displacement curve

Figure 6 shows the representative load—displacement curve of
the BTS test after continuous and periodic thermal treatment.
Although all the curves have compaction, elastic, and yield
stages, the post-peak is pretty different. When the temperature is
200 °C or 400 °C, the post-peak stress decreases sharply, which
shows obvious brittleness. With the temperature increasing to
600 °C, the load—displacement curves of A2 and W2 show a
slow downward trend after the peak value, showing a progres-
sive failure. It can be concluded that the specimens show less
brittle failure characterized replaced sudden and brittle failure
by considering the load—displacement responses and the post-
failure condition. However, the specimen heated continuously at
the same temperature still exhibits brittle failure characteristics.
At 800 °C, the stress gradually decreases after the stress reaches
the peak value for all specimens, and the displacement continues

Fig.6 Comparison of load— 6 : 6
displacement curves of Brazil — Al1-200 — Al1-400
splitting test under different Az BT
treatment conditions Wi-200 Wi-4po
== W2-200 = W2-400
44 41
Z Z L1
<) =3
=l =l
< <
Q Q
i f
2 21
0 T T T 0 T T T
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Displacement (mm) Displacement (mm)
() 200 °C (b) 400 °C
6
—— A1-800
—— A2-800
= W1-800
4
5 5
< <
Q Q
— —
2 21
0 T T T 0 T T T
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Displacement (mm) Displacement (mm)
(¢) 600 °C (d) 800 °C

@ Springer



Bulletin of Engineering Geology and the Environment (2022) 81:507

Page 7 of 22 507

until the disk is completely fractured. Note that mechanical data
of W2-800 could not be collected because of intensive damage.

Tensile strength

Figure 7 shows the BTS subjected to various treated specimens.
In stage 1 (200~400 °C), the ot of A-1 and W-1 increases
with the temperature, consistent with previous research results
(Chen et al. 2012; Ding et al. 2016; Ranjith et al. 2012). The
Vp does not have similar evolution may be the difference in
filling medium in pores and microcracks, as detail analysis in
Sect. 6.3. However, the strength of the periodic heating speci-
mens decreases with the temperature increase from 200 °C to
400 °C. When the temperature increases to 600 °C and 800 °C
(stage 2), the ot of all cases decreases.

The BTS of periodic heating—cooling specimens is
smaller than that of continuous ones. And the reduction
in split strength caused by constant heating is smaller
than that caused by periodic heating. For A1, the strength
declines by 57.4% from 200 to 800 °C, while the strength
of specimen A2 declines by 72.8%. For the water-cooling
group, ot of W1-800 decreased by 70.1% compared with
that of W1-200. The damage to W2-800 was too severe to
measure the tensile strength. This means the specimens
subjected to periodic heating lose more strength than con-
tinuous heating, and ot of the water-cooled Brazilian disc
decreased compared with the air-cooled ones.

Results and analysis of uniaxial compression
test
Stress-strain response

Figure 8 shows the complete stress—strain curves of sand-
stone with various treatments. The stress—strain curves

3

o, (MPa)

200 400 600 800
Temperature (°C)

Fig.7 The variation of splitting strength with temperature under dif-
ferent treatment conditions

have the compaction stage, elastic deformation stage, sta-
ble crack growth, unstable crack growth, and post-peak
stage (Martin and Chandler 1994). At the initial loading
phase, the stress moderately grows with the increase of
strain associated with the closure of the pores and micro-
cracks. Therefore, this stage presents an upward concave
curve. As the loading increases, the stress increases lin-
early with the strain. It is generally believed that no new
microcracks generate at this stage. After the elastic defor-
mation stage, new cracks in the specimen continuously
initiate, extend and coalesce until the bearing limit. The
strain softening occurs after the stress exceeds the peak
strength, and the stress decreases with the increase of the
strain, indicating that the internal structure is failed. The
crack develops rapidly in this phase until the specimen is
completely fractured.

Figure 8a shows little difference in the deformation
characteristics of the five stages among the curves of dif-
ferent specimens for the heating scheme at 200 °C. After
passing the brief compaction stage, the stress increases
linearly with strain. The strain-softening segment of the
curve after the peak is short. At 400 °C, the nonlinear
phase of stress growth is prolonged. Note that W2-400 has
completely different stress—strain characteristics, reflected
in the softening stage after the peak is extended (Fig. 8b).
As the temperature further increases to 600~ 800 °C,
the failure of sandstone becomes more complicated. The
stress increment corresponds to a more significant strain
increment. The compaction stage is longer than that of the
specimen heated at 400 °C, showing a typical upward con-
cave curve. The curve shifts to the right, corresponding to
a significant increase in peak strain, as seen in Fig. 8c, d.

Compressive strength and deformation parameter

Figure 9 presents the UCS of sandstone after thermal treat-
ments vary with temperature. The strength of the periodic
heating and W1 specimens decreases with the tempera-
ture, whereas the UCS of the Al first increases and then
decreases. The difference mainly appears in the range of
200 °C to 400 °C: The UCS of A1-400 is increased by
29.1% than that of A1-200. This is consistent with the
research results of Ding et al. (2016) and Ranjith et al.
(2012) on sandstone and Chen et al. (2012) on granite.
The periodic thermal treatment has the opposite effect on
UCS, resulting in a 30.0% decrease in UCS of A2-400
compared to A2-200. The Vp evolved differently with
UCS, which is explained in Sect. 6.3. The periodic heat-
ing schemes degenerate more than continuous heating on
the strength. At the same temperature, the UCS of periodic
heating—cooling groups (2A and 2 W) is always inferior
to that of continuous ones (1A and 1 W). And the gap
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between the two increases as temperature increases. The
strength decline of A1-200 to A1-800 is similar to that
of W1-200 to W1-800. The UCS of A2-800, however,
reduced by 61.8% from A2-200, and the UCS of W2-800
dropped by 84.5% from W2-200. At the same time, It can
be found that the UCS loss of A2 and W2 samples mainly
occurs at 200 ~400 °C, indicating that even at low and
medium temperatures, periodic thermal action will have
a non-negligible impact on the mechanical properties of
rock.

With increasing temperature, Young’s modulus (E) also
exhibits the same tendency as UCS (Fig. 9). For A1 speci-
men, E slightly increases when the temperature is up to
400 °C and then starts to degrade from 400 to 800 °C. The
situation is different for A2, W1, and W2 specimens sub-
jected to periodic treatment, where a continuous reduction
in E is observed with increasing temperature. After heat-
ing at the same temperature, E of the periodically treated
specimen is less than that of the continuously treated sam-
ple, and the E of the water-cooling specimen is less than
that of the air-cooling one.

The reduction of E can be considered due to the
decrease in strength and weakening resistance to defor-
mation. DIC images obtained close to the peak stress can
also further confirm the weakening of the deformation

@ Springer

resistance ability. Figure 10 shows the strain field distri-
bution on the specimen surface under different thermal
treatments. In the zone of interest (ZOI), the purple region
represents the low strain, and the red region means the
high strain. The lateral strain field captured from the sand-
stone surface can be observed that specimens that suffered
more damage bear more deformation at critical failure.
In addition, splitting failure can be observed in the sand-
stone specimens heated at 200 “C. However, shear failure
occurred when the temperature continued to rise, accom-
panied by multiple shear planes. And due to the stimula-
tion of thermal fatigue and water cooling, the shear failure
feature is more evident in periodic heating samples, which
results in complex failure. Specimens A2-800 and W2-800
were fractured along the main shear plane, showing a char-
acteristic of general shear failure.

AE behavior

The AE characteristic parameters can infer the damage and
failure of rock because it is closely related to the crack-
ing behavior of dislocation motion, grain boundary move-
ment, or closure, initiation, propagation, and coalescence
(Eberhardt et al. 1998). Acoustic emission characteristics
of sandstone were analyzed by AE counting in the loading



Bulletin of Engineering Geology and the Environment (2022) 81:507

Page 9 0f 22 507

=70 20
& UCSs
E 60 —e—E
ﬁ B 16 —~
) <
o) 5
£ 401 122
4 g
5.30 ¢ E
£ 20
3 &
= 20 1 =
2 P
= *4
g 10
Q
a
=0 ; ; ; ; 0
200 400 600 800
Temperature (°C)
(a) Al
~70 20
& ucs
\2./ 60 —o—E
< 16 ~
2 &
£ S
o 12 3
> 40 =
3 E
£.30 g ©
g 8 g
S =
= 201 2
[}
g \ Yils
=
g 10 A
=
=0 . . . . 0
200 400 600 800
Temperature (°C)
(c) W1

Fig.9 UCS and Young’s modulus for different thermal treatments

process and cumulative acoustic emission counting (Zhao
et al. 2022b), as shown in Fig. 11. Four specific points are
marked on the stress—strain curve: A, B, C, and D based
on the AE events evolution. Point A is where the AE event
increases above the event background level for the first
time, after which the AE counts increase steadily. B cor-
responds to the beginning of an unstable increase in the
AE counts. C is the peak stress point, and D is the turn-
ing point of the accumulation counts curve in the post-
peak stage. The generation of AE activity before point A
is related to the closure of the pre-existing microcracks
inside the rock (Sha et al. 2020). At 200 °C, almost no
AE signal is monitored for the various heating scheme
and cooling method specimens during initial loading. This
implies that only very few thermally induced microcracks
are initiated inside the specimens at this temperature. For
specimens heating at 400 °C, AE counts appear in the
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initial loading stage, which means an increase in closure
and extension of micro-defects formed by thermal treat-
ment. In addition, this phenomenon in the water-cooled
specimens is more prominent than in the air-cooled ones,
and the periodically heated specimens are more evident
than the continuous ones. AE counts are more distributed
when the temperature rises to 600 °C and 800 °C. The AE
counts appear at the beginning of loading and increase
gradually, but the peak of counts is no longer prominent
when the rock fractures.

When the rocks are fractured, the AE counts of rocks at
normal temperature usually increase suddenly and drop rap-
idly. After heating—cooling treatment, the signal active time
in the post-peak stage is prolonged (Fig. 11). All samples
belong to brittle failure at 200 °C, but in the post-peak stage
of the periodic specimen (A2-200 and W2-200), the counts
distribute more. At the same time, the failure of sandstone after
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Fig. 10 Lateral strain distribution of uniaxial test at failure based on DIC

heating—cooling treatment at higher temperatures occurred
more ductile. Numerous AE events occur in the post-peak
stage, showing a brittle-toughness transition e.g., W2-600
(Fig. 111), A2-800 (Fig. 11n), and W1-800 (Fig. 110). This is
because the damage increases to a high level, e.g., the distribu-
tion of thermal-induced microcracks throughout the specimen
and the evolution of macrocracks (Yin et al. 2019). Note that
in the large deformation of the specimen W2-800 during the
loading process, the probe is in poor contact with the speci-
men surface, and the AE counts are hardly collected (Fig. 11p).

Discussion on the damaging mechanism

of periodic thermal treated sandstone

Pore structure evolution induced by thermal damage
Distribution of T2 spectrum

To quantitatively study the pore distribution and cracking
evolution of sandstone, we analyzed the T2 spectrum and

pore size distribution. The spectrum curve takes the trans-
verse relaxation time as the X-axis and the relaxation signal

@ Springer

as the Y-axis. According to the porous media relaxation the-
ory and the low-field nuclear magnetism theory, the decay
time of the transverse magnetization vector generated by
polarization in an external static magnetic field is T2 relaxa-
tion time. T2 is related to the restriction of 1H, and the pore
structure determines the degree of 1H to be restrained (Xie
et al. 2018). The smaller the pore size is, the more restric-
tive and the shorter the relaxation time is, and vice versa. In
porous media, the T2 of the fluid can be expressed as follows
(Wang et al. 2022b):

1o, 1 1
T2 T2s T2D T2B ( )

T2S is the time of surface relaxation of rock particles;
T2B is the relaxation time from the liquid itself; and T2D is
the relaxation time caused by molecular diffusion. Consider-
ing that surface relaxation plays a decisive role, Eq. (2) can
be simplified as follows (Matteson et al. 2000):

1_ 1 _ms_ K

T, Ts VvV % @
where T, is the transverse relaxation time; p, is the trans-
verse surface relaxation strength; F is the geometric factor
of pore shape: for tubular pores, F;=2; and r is the pore
radius.

Referring to the research of Hodot (1966) and Hao
et al. (2022), we divided the rock pores as follows: nano-
pores (<10 nm), micropores (10—100 nm), mesopores
(100-1000 nm), and macropores (> 1000 nm). With the
increasing temperature, the difference becomes appar-
ent in T2 spectrum (see Fig. 12). The curves of the speci-
mens heated at higher temperatures generally shift to the
right compared to those heated at lower. The right shift is
reflected in the increase in peak relaxation time (T2peak).
The T2peak of Al, A2, W1, and W2 specimens extends
from 2.01 ms, 2.01 ms, 1.52 ms, and 2.31 ms at 200 °C
to 12.33 ms, 12.33 ms, 12.33 ms, and 57.22 at 800 °C,
respectively. This indicates that the size of the dominant
pore expands. The T2max of Al, A2, W1, and W2 speci-
mens extends from 2.67 ms, 2.01 ms, 1.52 ms, and 2.31 ms
at 200 °C to 15.31 ms, 12.33 ms, 12.33 ms, and 57.22 at
800 °C, respectively (Table 2). In addition, the T2 spectrum
of the four groups presents a unimodal pattern, which differs
from the dual peak distribution in A1, A2, and W2 speci-
mens at 800 °C. Changes in the curve shape indicate that
the pore structure changes from uniformity to complexity,
that is, there are not only large cracks and pores formed by
expansion and penetration but also nanopore and micropore
newly initiation. This is a dynamic evolutionary process. The
initiation of new cracks accompanies the expansion of exist-
ing pores, and the continuous appearance of micro defects
promotes the interaction between microcracks and pores,
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Fig. 11 Evolution of AE count and cumulative AE counts for sandstone specimens exposed to different thermal treatments
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Fig. 12 The distribution curve of the T2 spectrum under different thermal treatments

leading to the constant growth of peak area (see Table 2).
For example, in the W2 group, the peak area (A) of the
W2-800 is 155899, which is 120% higher than that of the
W2-200 (70,836).

Then, consider the effect of periodic heating—cooling
treatment on the T2 spectrum. The multiscale pore peak area
in periodic thermally treated samples at 200 °C decreases,
except for A2 nanopores (Fig. 13a). At 400 °C, compared
with Al and W1, the increased pores of A2 and W2 are
mainly nanopores and micropores (Fig. 13b). At 600 °C,
one significant variation is the micro-to-macro transform in
the pores of specimen W2-600. It is generally considered
that the water signal corresponding to the relaxation time
of more than 1000 ms is the free water that exists in the
macroscopic fractures. Due to repeated phase transitions
and thermal shocks, the pores and microcracks expand, con-
verge, and penetrate, dramatically increasing the peak area
of the mesopore and macropore (Fig. 13c) but also forming
macroscopic fractures. The difference between the samples

of water cooling combined with the air-cooling group after
600 °C treatment is caused by thermal shock. Thermal shock
is more likely to form surface cracks, which provides an
advantageous channel for the immersion of cooling media.
Water goes deep into the specimen along the gap and contin-
ues to undergo rapid heat exchange in the track. This thermal
gradient deep into the interior constantly stimulates the rapid
deterioration of the rock structure surrounding the fracture.
At 800 °C, the peak area of the micropore, mesopore, and
macropore in A2 is slightly larger than that in A1, while the
peak area of the nanopore in A2 is significantly larger than
that in A1 (Fig. 13d). This indicates that in repeated thermal
heating, the expansion, propagation, and coalescence rate
of the existing pores in the periodic and continuous heat-
ing samples are similar, but the extreme increase of nano-
pore induced by fatigue effect is observed. Compared with
W1-800, the peak areas of multiscale pores, especially nano-
pore and macropore, increased pronouncedly after periodic
heating and water cooling.
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Table 2 The representative

relaxation times and peak areas Specimen {élmg')" (7;?1';3’( gf:;k A A A A 4

of sandstone specimens after

periodic thermal treatments A1-200 0.107 1232.847 2.01 12003 30428 23926 6455 72811
A1-400 0.015 811.131 2.70 9013 31935 26113 3860 70922
A1-600 0.017 932.603 4.04 8070 35840 34747 13187 91845
A1-800 0.433 1232.847 12.33 7743 34710 41339 20639 104431
A2-200 0.081 1232.847 2.01 12137 29685 23700 6367 71888
A2-400 0.142 2154.435 2.31 12115 37607 26575 5193 81491
A2-600 0.093 1072.267 3.51 7627 40470 35450 15097 98644
A2-800 0.015 1232.847 12.33 21167 35005 41634 21163 118969
W1-200 0.093 811.131 1.52 14065 32694 24921 6292 77972
W1-400 0.017 932.603 3.05 9671 33634 31434 7997 82736
W1-600 0.015 2848.036 6.14 8343 37216 34124 13979 93662
W1-800 0.433 1072.267 12.33 9007 37138 46612 22063 114820
W2-200 0.015 3764.936 2.31 12399 30327 23955 4155 70836
W2-400 0.187 4328.761 3.05 9593 41130 32323 7998 91044
W2-600 0.035 1629.751 28.48 4307 31970 44178 29167 109622
W2-80 0.142 1873.817 57.22 19614 39635 56482 40158 155889

Tymins Tomax> and Ty represent the minimum, maximum, and peak transverse relaxation time, respec-
tively, A,, A;, A,, A,, and A represent the 7, peak areas of the nanopore, micropore, mesopore, macropore,

and all pores, respectively

The multiscale porosity in sandstones with different
thermal treatments is counted in Fig. 14, according to the
classification in pores size. The histogram shows that nano-
pore, macropore, mesopore, and micropore porosity (¢n,
@i, @e, and @a) changes dynamically with temperature. At
200~400 °C, the most noticeable change comes from @i
of the periodical sample, that @i of A2 goes from 4.02% to
5.31%, and W2 changes from 4.04% to 5.71%. The porosity
of other pores does not change much. The four porosities A2
and W2 are less than A1 and W1, respectively. After heating
at 600 °C, on of Al, A2, and W1 decreases, while the poros-
ity of the other three pores enlarges. However, @i of W2 also
decreases. This transition indicates that the formation rate of
larger pores is faster than that of new small cracks and pores
at this temperature, especially W2.

The pore evolution of the samples treated at 800 °C is dif-
ferent from 600 °C. For continuous heating samples A1 and
W1, ¢n slightly increased, e and ¢a significantly increased,
but @i decreased. The initiation rate of new cracks is faster
than the transformation rate of small to large pores. For
periodic heating samples A2 and W2, ¢n increases more
significantly. This indicates that periodic heat treatment has
a more significant stimulation on the formation of microc-
racks under the same heating time. At the same time, numer-
ous nanopores induced by cracking create conditions for the
expansion, connection, and coalescence of pores, ultimately
leading to an increase in @e, @a, and ¢. Therefore, the total
porosity and the differences in multiscale pore structures
should be considered when considering the effect of poros-
ity on mechanical properties. For example, there is little

@ Springer

difference in ¢ between W2-600 and A1-800, but ¢e and
@a of W2-600 are significantly more than those of A1-800,
which makes the mechanical properties of W2-600 degrade
more seriously.

To characterize the uniformity of pore distribution,
Wichtmann and Triantafyllidis (2013) proposed the uniform-
ity coefficient concept in pore size, referring to the uniform-
ity coefficient in soil particle size (Eq. (3)):

d60
C,=— 3
a1 3

where C,, is the uniformity coefficient of pore size; d, is the
pore diameter at a cumulative pore proportion of 10%; dg,
is the pore diameter at a cumulative pore proportion of 60%.

According to Jia et al. (2020). p2 in Eq. (2) is considered
5 pm/s, and we use Eq. (2) to convert the transverse relaxa-
tion time into the pore radius. By dividing the amplitude
corresponding to each pore radius in the T2 spectrum by the
total amplitude (A), the proportion of the pore volume cor-
responding to the pore radius to the total pore volume can be
obtained. The cumulative pore size curves were obtained by
accumulating the pores of different sizes. The longitudinal
axis presents the pore volume proportion, and the X-axis
corresponds to the pore radius, as shown in Fig. 15.

The variation of Cu with temperature calculated
according to Eq. (3) is shown in Fig. 16. In the first stage
(200~400 °C), Cu of A1, A2, and W2 decreases. Accord-
ing to the definition of soil gradation index, the larger the
Cu, the more nonuniform the pore structure distribution.
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Fig. 13 The increment of the peak area of periodically heated samples compared with that of continuously heated samples

The decrease may be due to the tendency of pore closure
caused by thermal-induced enhancement. Thus, the uni-
formity of pore distribution is improved to some extent.
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Fig. 14 The porosity of nanopore, micropore, mesopore, and
macropore proportions in the thermally treated sandstone specimens

Note that this does not imply a specific decrease in poros-
ity, as there is also the appearance of new cracks and the
expansion of internal defects. As the temperature increase
to 600 ~ 800 °C, Cu of A2 and W2 increase rapidly, and
Cu of A2 and W2 increase gradually, indicating a more
uneven pore structure is stimulated by periodic thermal
treatment.

Magnetic resonance imaging

Figures 17 and 18 show the two-dimensional magnetic res-
onance imaging (MRI) projections of A2-600 and W2-600,
respectively. Seven sections are selected along the height direc-
tion for imaging, and five sections are chosen along the radial
direction for imaging. Within the range of the specimen image,
the red spot presents a high proton density, indicating a strong
1H signal. The blue area gives a low proton density, indicating
a poor 1H signal. This means the more red spots aggregated,
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the brighter they are, and the more pores and cracks. The results
show that W2-600 damage is more severe than A2-600, mani-
fested as the expansion of the red spots area and the enhance-
ment of brightness corresponding to more mesopores and
macropores. The blue spots that are more distributed in speci-
men A2-600 rarely appear in W2-600. This is due to a sharp
decrease in nanopores and micropores represented by blue dots,
as seen from the pore distribution in the T2 spectrum (Fig. 18a,
b). The results of MRI test are consistent with those of the pore
structure test and visually describe the difference in damage and
deterioration of air-cooled and water-cooled samples during
periodic heat treatment. This can be explained by water weak-
ening and thermal shock, combined to determine the internal
structure and integrity of the rock treated by periodic heating
and water cooling. It will be further elaborated on in Sect. 6.4.

Damage behavior based on AE
AE count is proportional to the energy released by disloca-

tion motion, particle peeling, fracture, and microcracks propa-
gation in the material, based on which it can reveal material
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Fig. 16 Variation in Cu with temperature under different treatments
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(b) W1 and W2 groups

properties (Heiple and Carpenter 1983; Wadley et al. 2013).
In the present paper, AE count and AE cumulative count have
been utilized as characteristic parameters to describe the dam-
age evolution of thermally treated rocks during loading.

The damage variable (D) can be defined as follows (Tang
et al. 1997):

D=
No

“

where N, and N, are the accumulative AE counts at any dam-
age and accumulative AE counts at rock failure, respectively.

Affected by factors such as insufficient stiffness of the
testing machine and different fracture conditions of the rock
specimens, it is common for the testing machine to stop prior
to being completely fractured (D =1) during the test. There-
fore, the predecessors proposed the critical damage value
(DU) to modify the D (Sha et al. 2020):
D=D UN, ®)
In order to simplify the calculation, the critical damage

value is normalized according to the method of linear func-
tion conversion (Liu et al. 2009):

O-C
py,=1-2
%p

Q)

where o, is the residual compressive strength and o), is the
peak strength.
Combining Eqgs. (5) and (6), the rock damage variable D
calculated by the AE count can be obtained:
O Nd

D=(1--5)—=
( , ) N, (7)
Note that, according to the stress—strain curve, the resid-
ual strength in this paper is taken as 0. Thus, we obtain the
change of D with axial strain, as shown in Fig. 19.
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Fig. 17 MRI of A2-600
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The damage evolution of sandstone during uniaxial com-
pression after different thermal treatments is divided into
four stages by three characteristic points A, B, and C. (I) The
initial damage stage (before A) basically corresponds to the
compaction stage and the early stage in the elastic deforma-
tion stage of the stress—strain curve. AE counts in this stage
are mainly stimulated by the closure of pre-existing internal
micro-cracks, and accumulative AE count accounted for a
small proportion of the whole process. For A1, A2, and W1
(Fig. 19a, b, and c) below 800 °C and W2 below 600 °C
(Fig. 19d), the damage variable in the first stage tends O.
For W2-600 and the specimen heated to 800 °C, the D value
caused by crack closure at this stage increases. (II) With the
increase of axial stress, the stress—strain curve progresses to
the elastic deformation and stable crack growth stage (AB
stage). New microcracks initiate and expand in sandstone,
and the pre-existing microcracks develop onset. AE events
enter the active phase, that is, the damage development
stage, in which the AE counts monitored begin to increase,
and the damage variable increases continuously and steadily.

(IIT) The accelerated damage growth stage (BC stage)
corresponds to the yield phase of the stress—strain response.
Interactions such as the expansion, convergence, and pene-
tration of micro-cracks within the rock specimen have inten-
sified, and large-scale and numerous new cracks continue

Fig. 18 MRI of W2-600

3" layer
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(b) transverse section

to emerge. Therefore, the AE event enters an outburst state
until the AE counts reach the peak, corresponding to the
macroscopical fracture. D rises sharply, and the rock speci-
men damage accelerates. By comparing Fig. 19a, b, it can be
seen that the damage variable of A2 at the end of the third
stage is greater than that of A1l. This implies that water cool-
ing enhances the damage during the thermal process, lead-
ing to more monitored AE events caused by crack closure,
initiation, expansion, coalescence, and penetration before the
peak of mechanical loading. By comparing Fig. 19¢, d, it can
be seen that the damage variable value of W2 at the end of
the third stage is smaller than that of W1, which is because
of the ductility failure of W2 increases the proportion of AE
events in the post-peak phase. (IV) After reaching the peak
strength, the damage variable enters the damage fracture
stage (after C). Due to the brittleness of the specimen, the
intense AE activity remains in the early post-peak period
and then gradually decreases with the further increase of the
axial strain. After the rapid growth, D also tends to increase
steadily until it reaches 1. It can also be found that the pro-
portion of damage variable of W1 is less than that of Al in
the fourth stage due to the enhancement of the post-peak
ductility characteristics of water-cooled specimens.

It is worth mentioning that, at 800 °C, the damage vari-
ables of A2 and W1 increase smoothly without an apparent

2™ Jayer

1% layer

3" Jayer
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(b) transverse section
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Fig. 19 Evolution of damage variable with axial strain for specimen after different thermal treatments

turning point. This is related to the 800 °C treatment sig-
nificantly enhancing the post-peak toughness behavior of
the sample and reducing the differentiation of AE activ-
ity and energy release in four stages. In addition, we also
observed the same trend in specimen W2-600. Although the
temperature was less than 800 “C, the repeated a-f transfor-
mation and thermal shock during the five heating and water
quenching cycles resulted in the enhancement of the density
of internal defects such as microcracks and pores.

Mechanism of cracking induced by high temperature
and water cooling

The effects of high temperature on the microstructure
changes of sandstone mainly include water loss, thermal
expansion cracking, and crystal phase transition (Yin et al.
2019). First, when the temperature is lower than 400 °C, the
cohesive strength will not reduce significantly.

At this temperature, the mineral particles are heated and
expand to squeeze the micro pores and microcracks inside
the rock, causing the interlocking between micro-defects

@ Springer

faces (Sirdesai et al. 2017). In 25-400 °C, thermal cracks
may also initiate with the growth of temperature, but due
to the loose internal structure of sandstone, compaction
takes the leading role in general. Sandstone specimens lose
their moisture with the loss of free water and bound water
at T<100 °C and T <300 °C, respectively (Zhang et al.
2017). The vaporization of free water and loosely bound
water together with defects closure improve the contact of
pore and crack surfaces, which is beneficial to enhancing
strength and resistance to deformation. The interlocking
between the thermal-induced microcrack faces is reflected
not only in the porosity decrease (Fig. 4), but also in the pore
structure. It can be seen from Fig. 12a that the curve in the
corresponding range of nanopore and macropore of A1-400
is below A1-200, which means the closure of nanopore and
macropore. This thermal-induced enhancement results in
greater compressive and tensile resistance of the A1-400
than the A1-200. The pores in which lost water are filled
with air, and the speed of ultrasonic waves in water is higher
than in air. Therefore, variation in mechanical properties and
P-wave velocity of A1l in 200 °C~400 °C is inconsistent.



Bulletin of Engineering Geology and the Environment (2022) 81:507

Page 190f 22 507

Moreover, when the temperature rises to 400 ~ 500 °C, the
crystal water and water in the mineral structure will further
escape from the rock, degrading cementation and mineral
lattice skeleton (Zhang et al. 2016). Thermal crack initiation,
propagation, and coalescence continue. Finally, as shown
in Fig. 20a, the phase o transforms to § when T >573 °C
(Glover et al. 1995; Sun et al. 2013), during which the sud-
den increase in the volume of quartz causes existing crack
propagation and new crack initiation inside the rock (Ohno
1995). The cracking behavior is irreversible, although the
phase transition can be restored after cooling. This corre-
sponds to the rapid decrease of mechanical strength and
wave velocity and the deterioration of pore structure in Al
samples from 400 to 600 °C. In the range of 600~ 800 °C,
the partial melting of minerals and cementing material
occurred, and the further increase in heat generated thermal
micro-cracks within the sub-grains contributed to the steady
evolution in ultrasonic characteristics, porous structure, and
mechanical property.

The effects of cooling medium and cooling rate on sand-
stone can be summarized as water weakening and thermal
shock. On the one hand, when sandstone cools down in the
water, infiltration of the moisture facilitates mineral recrys-
tallization, while the free water weakens the connections
between the mineral particles, resulting in more micro
defects in the microstructure (Liu et al. 2017). On the other
hand, compared with air-to-rock thermal conduction, water-
to-rock thermal conduction is associated with higher cooling
rates or quicker and greater temperature drops (Kumari et al.
2017). The rock is in a state of unsteady heat conduction
during quenching, which results in uneven temperature dis-
tribution (Jin et al. 2019). As shown in Fig. 20b, a thermal
stress field that distributes tensile stress on the outside and
compressive stress in the inner part of specimen is formed at
cooling (Collin and Rowcliffe 2002). The temperature stress
induced by water cooling intensifies the stress concentration

(@)

at the tip of the existing thermal crack and leads to fur-
ther crack development (Fellner and Supancic 2002). The
effect of temperature gradient formed by thermal shock on
the physical-mechanical properties of rock is much more
significant than that of thermal expansion cracking (Sarici
2016). Therefore, the microcracks propagation induced by
thermal shock tensile stress is the primary reason for the
deterioration in rock properties under water cooling (Fan
et al. 2020; Li et al. 2019; Yu et al. 2020). Numerous defects
of W1 samples resulted in higher porosity, higher mesopore
and macropore proportion, lower Vp, and more severely
impaired integrity and compactness than air-cooled speci-
mens. It should be pointed out that the thermal damage of
water-cooled samples is caused by multiple factors during
the two stages of heating and cooling. The degradation of
the rock matrix by thermal shock precedes that by thermal-
induced enhancement caused by mineral expansion and
water evaporation. Herein, the monotonically decreasing of
water-cooled samples (W1) is different from the first rise and
then a descent of air-cooled samples (A1) at 200-800 °C.

Mechanism of damage by periodic heating and cooling
treatments

The mechanism of the periodic action leading to differential
damage can be explained as follows. Microcrack density is the
main factor affecting the physical-mechanical properties of
sandstone, which depends on the microcrack and pore evolu-
tion. At 200 °C, The multiscale pore of the periodic heating
samples showed a closure tendency due to the improved con-
tact of crack surface caused by mineral thermal expansion
and water loss. The crack closure cancels the deterioration
caused by thermal fatigue and thermal shock. At 400~600 °C,
in the case of periodic heating—cooling, the alternating stress
caused by the unmatched expansion and contraction of min-
erals causes microcrack and pore initiation in more positions
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Fig. 20 Microscopic mechanism of a thermal cracking and b cooling effect of sandstone
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inside the rock. The pore porosity of periodic thermal treated
samples is generally more extensive than that of continuously
heated ones (Figs. 13 and 14). Further observation of the
increase in peak area (Fig. 13) shows that the rise in the peak
area of the water-cooled nanopore (AW2—-AW1) is smaller
than that of the air-cooled nanopore (AA2—AA1). This means
periodic water cooling will produce more microcracks than
periodic air cooling, stimulating a dynamic transition from
nanopore to micropore, mesopore, macropore, and even
macroscopic fracture. Moreover, the stress at the crack tip
is concentrated, and the peripheral constraints are reduced,
making the gap develop continuously. The evolution of the
gap provides a dominant path for the cooling medium, which
makes the thermal shock continuously penetrate deep into the
specimen. Therefore, more mesopores and macropores are
formed in W2-600, resulting in a decrease in the number of
nanopores rather than an increase, which can be seen intui-
tively in Fig. 18. With the repetition of heating—cooling, pores
and microcracks continue to initiate, propagate, and coalesce.
More large-scale cracks significantly reduce the strength,
deformation resistance, and brittleness of the sandstone. The
periodic heating and water cooling induced abundant micro-
cracks and other defects inside the rock, which release part of
the energy and result in a brittle to ductile transition. When
sandstone is cooled at extremely high temperatures (800 °C),
abundant micro-cracks excited by thermal fatigue significantly
promote the connection and penetration of defects such as
hot-melt holes and cracks, resulting in a sharp increase in
the defect density and scale. The initiation of new microc-
racks, accompanied by the expansion and merging of various
pores and cracks, reduces the pore structure uniformity and
increases the uniformity coefficient to 44 (A2-800) and 53
(W2-800), as seen in Fig. 16. Intensive damage induced by the
highest microcracking density that releases most of the energy
leads to the degeneration of structure inside the rock, eventu-
ally leading to ductile characteristics in mechanical behavior
presented in Figs. 6d and 8d (Wang et al. 2022a).

Conclusion

This paper studies the effects and damage mechanism of
thermal fatigue caused by periodic heating—cooling on the
dynamic evolution in porous structure and the mechanical
behavior of sandstone. The following conclusions are drawn:

1. The sample treated by multiple thermal cycles at a
lower temperature will also show thermal enhance-
ment. A2-200 and W2-200 specimens show a higher
UCS than the continuously heated specimens after five
thermal cycles. On the contrary, the UCS of periodical
heating specimens is lower than that of the continu-
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ously heating ones at 400, 600, and 800 °C. It can be
concluded that crack closure caused by mineral thermal
expansion and water loss counteracts the weakening
effect in strength caused by thermal fatigue and thermal
shock at 200 °C. However, the splitting test observes no
noticeable tensile strength enhancement under the same
thermal treatment conditions.

2. The BTS and UCS initially increase and then decrease
with temperature for the continuously heating specimens,
and the properties of periodical heating—cooling speci-
mens strictly decrease. Repeated treatment at 200 °C
enhances the brittleness of sandstone, while the brittle-
ductility and failure mode transition are observed in peri-
odic heating specimens at high temperatures.

3. AE monitoring captures the difference in AE ringing
distribution among sandstones and quantitatively char-
acterizes the mechanical damage evolution during fail-
ure process through AE events activity at each loading
stage. The AE behavior confirmed that periodic heating
promoted more cracking in the rock than continuous
heat treatment within the same heating time.

4. The periodic heat treatment induced more nanopores
than the continuous heating samples, but the propor-
tion of nanopores in the total pores is also affected by
pore propagation and coalescence. At 400 °C, compared
with Al and W1, the increased pores of A2 and W2 are
mainly nanopores and micropores. At 600 °C, the nano-
pores and micropores of W2 are largely transformed into
mesopores and macropores, while the increased pores of
A2 remain in nanopores and micropores compared with
Al. At 800 °C, the periodic heating and water cooling
sample (W2) resulted in a significant increase in four
types of pores, especially the nanopore and macropore,
compared with W1. However, the mesopore and
macropore of A2 have no significant increase compared
with those of Al. Thermal fatigue leads to the porous
structure evolution from uniformity to heterogeneity and
increases the uniformity coefficient of pores.
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