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Abstract

In the process of exploiting mineral and geothermal energy resources, the influence of the cyclic heat effect on the mechanical
properties of the surrounding rock becomes increasingly prominent. To further study the damage deterioration mechanism,
deformation and failure characteristics of cyclic heating—cooling (H-C) of the rock, cyclic H-C treatment tests and uniaxial
compression tests were conducted, acoustic emission (AE) events were monitored, and the mesoscale characteristics of the
fracture surface were imaged and analysed. The results show that the number of H-C cycles played an important role in the
evolutions of the strength, cumulative damage variables and deformation modulus of the red sandstone. The peak strength
of the specimens decreased with the increase in the number of H-C cycles, and the damage variables increased with the
number of H-C cycles. The cyclic H-C treatments promoted the development of microcracks and the growth of the stress—
strain curve crack closure stage. Both the crack closure stress and crack closure strain increased with the number of H-C
cycles. Furthermore, both the number of transgranular microcracks and the microcrack spacing increased during cyclic H-C
treatment, which also led to the failure mode of the specimens gradually changing from shear failure to splitting failure. In
addition, based on the principle of strain equivalence, a damage constitutive model under the coupling action of cyclic H-C
treatment and loading was deduced. The crack closure deformation of specimens treated with different numbers of H-C
cycles was well reflected by the proposed model, and the prediction of other mechanical parameters, such as the peak stress,
peak strain and tangent modulus of the theoretical curves, was also verified by test data.

Keywords Cyclic thermal cooling treatment - Strength - Deformation characteristics - Mesoscopic fracture - Damage
constitutive model

1 Introduction

In recent years, with the development of geothermal energy,
deep geological burial of nuclear waste and underground
coal gasification, the damage and failure characteristics of
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rock masses under thermal effects have also become research
hotspots in rock mechanics [1-3]. The mechanical proper-
ties and microstructure of a natural rock mass will change
under the influence of thermal stress at high temperatures
[4-6]. Numerous experimental efforts have been carried
out to investigate the influence of high temperature on the
failure characteristics and mechanical properties of rock
under a compressive stress state. For example, Chen et al.
[7] and Yang [8] conducted uniaxial compression experi-
ments on granite after treatments at different temperatures,
and the relationships of peak strength, peak strain, elastic
modulus and crack damage and temperature were discussed.
Meng et al. [9] studied the evolution of the thermocracking
and permeability of granite at different high temperatures
under triaxial compression conditions with different confin-
ing pressures. Zhu et al. [10] conducted uniaxial compres-
sion tests on granite with different heating—cooling (H-C)
cycles, and the influence of H-C cycles on the mechanical
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properties of granite was analysed. Based on water quench-
ing and conventional triaxial compression tests, Yin et al.
[11] investigated the effect of H-C cycles on the cracking
mechanisms and mechanical behaviour of granite under
different confining pressures. After fully recognizing the
deterioration mechanism of H-C cycles on rock properties,
some scholars have attempted to establish an accurate dam-
age model to reflect the damage behaviour under cyclic H-C
treatments. At the theoretical level, a coupled thermohydro-
mechanical model was presented by Hassen [12] to simulate
the transient creep strain of the load-induced thermal strain
of concrete during a H-C cycle with a concomitant applied
load. Jiang et al. [13] proposed a statistical damage constitu-
tive model of red sandstone after heating and water-cooling
cycles based on the Weibull distribution theory. Zhou et al.
[14] proposed a constitutive model of rocks subjected to
cyclic stress and high-temperature conditions based on sta-
tistical damage theory, and the damage constitutive model
was extended with the Weibull distribution. The existing
theoretical models of rocks or rock-like materials under
H-C cycle treatment with complex calculation formulas and
parameters, at the same time, the fitting effect of mechanical
behaviour compaction stage after thermal damage of rock
material is not ideal. But all of them provided a solid founda-
tion for the theoretical research in this paper.

At the same time, a considerable amount of attention has
also been devoted to the effect of H-C on fracture tough-
ness, shear behaviour, tensile strength, etc. [15-20]. To
investigate the effect of high temperatures on the fracture
mechanical behaviour of rock masses, Yin et al. [15] con-
ducted a mixed-mode fracture test on heat-treated gran-
ite, and the effect of the high-temperature treatment on
the granite I+ II mixed-mode fracture toughness was
discussed. Meng et al. [16] carried out mechanical tests
on semicircular bend (SCB) specimens at real-time high
temperatures and found that the effective fracture process
zone (FPZ) size of the crack tip increased with increas-
ing temperature. Based on a series of direct shear tests on
sandstone after high-temperature treatment, Zhang et al.
[17] investigated the variation pattern of shear strength,
friction coefficient and shear stiffness under different tem-
perature conditions. Zhao et al. [18] and Zhai et al. [19]
conducted direct shear tests on artificially fractured granite
and artificially healed fractured granite after high-temper-
ature exposure, respectively. The weakening pattern of the
shear properties of granite with different shear surfaces
under high-temperature action was revealed. Xiong et al.
[20] carried out splitting tensile tests on high-temperature-
treated rock-like materials and discovered that their tensile
strength deteriorated with increasing temperature.

With the help of various advanced techniques such as
nuclear magnetic resonance (NMR) techniques [21, 22],
acoustic emission (AE) monitoring techniques [23] and
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scanning electron microscopy (SEM) techniques [24, 25],
the microdamage deterioration mechanism of rocks after
high-temperature treatment has also been investigated and
discussed in the literature [15, 16, 21-25]. For example, by
using NMR techniques, Li et al. [21] examined the changes
in the pore structure and mechanical properties of sandstone
after high-temperature treatment, and the results showed a
significant increase in the porosity and permeability of sand-
stones after thermal treatment. Based on SEM results, Chen
et al. [24] found that the connections between minerals in
granite weaken with increasing heat treatment temperature.
Wau et al. [25] also investigated the changes in the micro-
structure of granite after thermal treatments by using SEM
and found that both the number and opening of microcracks
increased with increasing temperature. Kong et al. [23] ana-
lysed the development and evolution of internal cracks and
the time domain of AE signals in rocks after thermal treat-
ments, and they concluded that the phase characteristics of
AE time series can correspond to five stages of rock thermal
deformation and fracture.

Previous studies have promoted the understanding of
the effects of high temperatures on the microstructure and
mechanical behaviour of rock masses, and as mentioned
earlier, determining the evolutionary laws of rock micro-
structure and mechanical behaviour under high tempera-
tures is important for ensuring the stability of rock engi-
neering construction in high-temperature environments
[1]. However, the majority of current research has focused
on the physical and mechanical properties of rocks after
being exposed to high temperatures once, and only a min-
imal number of scholars have investigated the changing
microstructure and mechanical properties of rocks after
cyclic H-C treatment. In the case of geothermal energy
systems, during the long-term heat extraction process,
multiple alternating hot and cold cyclic effects lead to
fracture expansion or secondary fractures, which change
the permeability and stability of the geothermal reservoir
[26-28]. Thus, to reveal the evolution of the microstruc-
ture and mechanical properties of bedrock under cyclic
H-C effects, the damage deterioration mechanism and
damage constitutive modelling of red sandstone under
cyclic H-C treatments were investigated in this paper.
First, red sandstone specimens were subjected to cyclic
H-C treatment, and then a series of mechanical uniaxial
compression tests were carried out, with monitoring of
the mechanical behaviour of the microcracks using the
AE technique. Then, by using SEM, the microstructure of
the sandstone fracture surfaces was obtained after differ-
ent numbers of H-C cycles, and the influence of the H-C
cycles on the mesoscopic characteristics was analysed.
Finally, the cyclic H-C damage variables were defined
and calculated, and a coupled statistical damage constitu-
tive model was deduced to consider the cyclic H-C effects
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and the loading effects. The parameter closely related to
the number of H-C cycles was especially considered in
the proposed model.

2 Experiment procedure

In this research, uniform red sandstone was selected for the
test material in this research, as shown in Fig. 1, with the
X-ray powder diffraction (XRD) results of the red sandstone.
The mineral components of the red sandstone are primar-
ily quartz (48.84%), calcite (11.82%), feldspar (23.79%),

(a) Specimen to be tested

Fig. 1 Photographs of the specimens and the XRD results

chlorite (4.03%), mica (6.66%), anhydrite (3.42%), and
haematite (1.44%). These specimens were processed into a
standard cylindrical shape with dimensions of 50 mm (diam-
eter) X 100 mm (height). According to the sample prepara-
tion method recommended by ISRM [29], all end faces of
each sample were smoothed to ensure that the two flatness
errors were less than 0.02 mm.

All the specimens were divided into three groups, and
the specimens were exposed to temperatures of 200, 500
and 600 °C. All the specimens were heated to the target
temperature in a high-temperature muffle furnace (as shown
in Fig. 2). To investigate the effect of H-C cycles on the
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Fig.2 Cyclic H-C experiment of red sandstone
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mechanical behaviour of the specimens, each temperature
was reached for 5, 10, 15, and 20 H-C cycles. Specimens
were placed into a high-temperature muffle furnace for dif-
ferent H-C cycle treatments; for each H-C cycle number,
two specimens were tested.

The H-C cycle—temperature curve is shown in Fig. 3. In
each H-C cycle, the initial temperature of the heating pro-
cess was the ambient temperature (25 °C), and the speci-
mens were heated to the target temperature at a constant rate
of 5 °C/min and then kept at a constant temperature for 2 h.
Finally, the samples were removed and cooled to ambient
temperature in the natural environment.

The mechanical test procedure is shown in Fig. 4. Each
uniaxial compression test was conducted on a servo-con-
trolled test system (WHY-CTS600), and the loading rate set-
ting was 0.12 mm/min. During loading, the stress, vertical
displacement and AE events are recorded simultaneously
via a data acquisition system. After failure, the mesoscopic
characteristics of the fracture surface were scanned and
analysed through a Siri200 field emission scanning electron
microscope.

3 Experimental results

3.1 Strength, deformation characteristics
and cumulative damage variables

Figure 5 exhibits a few stress—strain curves of the specimens
after different H-C treatments. Figure 5 shows that all of
the stress—strain curves are concave during the initial load-
ing period, mainly reflecting the closure of internal micro-
cracks during loading. With the increase in the number of
H-C cycles, the slope of the stress—strain curve decreases
obviously, which means that the damage inside the speci-
men is more obvious with the increase in the number of
H-C cycles. This also indicates that the uneven expansion

of minerals during the H-C cycles leads to damage to the
sandstone matrix and degradation of the strength.

The peak strength of specimens with different tempera-
tures and H-C cycle numbers is shown in Fig. 6. Zero means
that the specimen did not undergo H-C cycling and that it
was directly subjected to a uniaxial compression test. Fig-
ure 6 shows that the thermal treatment has an obvious influ-
ence on the peak strength of the specimens, and when the
number of cycles is constant, the peak strength decreases
with increasing temperature. For each temperature tested
(200, 500 and 600 °C), the peak strength of the specimens
decreased with an increasing number of H-C cycles. Espe-
cially for the specimen tested at 600 °C, the peak strength
showed a trend of accelerated decline after five H-C cycles.

Damage mechanics considers that the damage of the
material is the result of the accumulation of damage in the
microscopic unit and is reflected in the change in macro-
scopic physical and mechanical parameters. The accumula-
tion of damage and deterioration occurred in the rock during
H-C cycles, and the difference in rock damage and dete-
rioration degree is shown in its peak tangent modulus, as
shown in Fig. 5. Therefore, according to macroscopic dam-
age mechanics theory, the cumulative damage variable D,
of specimens with different H-C cycles can be represented
by the change in the peak tangent modulus [14], which is
defined as:

D, =1 Ey

n=1-7 )
where E is the peak tangent modulus of a specimen that
does not undergo cyclic H-C treatment, E, is the peak tan-
gent modulus of a specimen after n cycles of H-C, and n is
the cycle number.

Figure 7 shows the damage variables of the specimens
after different numbers of H-C cycles. Clearly, for each
temperature value, the damage variables increased with the
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Fig.4 Mechanical test proce- r
dure

number of H-C cycles. At the same time, different from the
specimens tested at 200 and 500 °C, the damage variables of
the specimens tested at 600 °C show a trend of accelerated
growth with an increasing number of H-C cycles. This also
indicates that the damage accumulation in rock under H-C
cycling is not only related to the number of cycles but also
affected by the temperature value. When the temperature
reaches 600 °C, the damage accumulation effect increases
significantly with the increase in the number of cycles.

3.2 Tangent modulus-strain curve and microcrack
closure behaviour

Figure 8a shows a typical stress—strain curve of a specimen
obtained during a uniaxial compression test, and the cor-
responding relationship between the tangent modulus and
axial strain is shown in Fig. 8b. The tangent modulus char-
acterizes the real-time relationship between stress and axial
strain under rock loading and reflects the damage process of
internal microstructures [30]. It also reveals the development
of cracks in the rock specimen and the mechanical response

Data aquisition system

Meso characteristics

. '\ >
— W

characteristics of cracks at various stages under loading. By
using the moving average data processing method, the strong
variations in the original data were eliminated, and the tan-
gent modulus-strain curve was obtained (Fig. 8b).

For each stage in Fig. 8a, based on the tangential modu-
lus, the damage process of the internal microstructures was
revealed. For stage AB, the tangential modulus increases
from O to 2.8 GPa and exhibits little fluctuation (Fig. 8b),
which indicates that the cracks closed. This stage is the crack
closure stage, and € o, at point B are called the crack clo-
sure strain and crack closure stress, respectively. In stage
BC, the axial stress curve increases nearly linearly with
increasing axial strain (Fig. 8a), and the tangent modulus
fluctuates greatly in this stage (Fig. 8b), which indicates that
the initiation and expansion of microcracks occurred inside
the specimen. After point C, the tangent elastic modulus
decreases continuously and fluctuates obviously (Fig. 8b),
which means that unstable expansion occurred in the cracks,
and the number of cracks increased rapidly in this stage.
Therefore, stage CD is also called the unstable crack propa-
gation stage.

@ Springer
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Fig.5 Stress—strain curves of the specimens after different number of H-C cycles

Figure 9 shows the typical tangent modulus-strain curves
of the specimens after H-C cycles, and the crack closure
strain €, of the specimens treated with different tempera-
tures and H-C cycles is also exhibited in Fig. 9. Clearly, for
each temperature, with an increasing number of H-C cycles,
the slope of the tangent modulus-strain curve obviously
decreases. At the same time, with an increasing number of
H-C cycles and increasing temperature, the crack closure
stress o, and corresponding crack closure strain €. show
obvious differences. To facilitate comparison and analysis,
the two eigenvalues are extracted, as shown in Fig. 10.

Figure 10 shows the crack closure stress o, and stress
€., of specimens that underwent treatments with different
temperatures and H-C cycle numbers. Overall, with increas-
ing temperature, o, exhibits a growth trend. At the same
time, o also increased with increasing H-C cycle times.

@ Springer

The crack closure strain €., similar to the crack closure
stress o, increases with increasing H-C cycle number and
temperature. According to Ji et al. [30], the higher o, and
€. of the specimen are, the more difficult it is to close the
internal cracks completely. Therefore, it can be concluded
that the cyclic H-C treatments promoted the development of
fractures in the specimen, and the microcrack density also
increased with increasing H-C cycles and temperature.

3.3 Failure characteristics

Figure 11 shows the red sandstone specimens after differ-
ent numbers of H-C cycles at 600 °C. Figure 11a shows
that when the number of H-C cycles is 5, the appearance of
the specimen does not change significantly. However, with
the increase in the number of H-C cycles, a small area of
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Fig.6 Change curve of average peak strength with the number of
H-C cycles

Fig.7 Average damage variable l_),, of different numbers of H-C
cycles at different temperatures

spalling began to appear on the surface of the specimen after
10 cycles (Fig. 11b), and the spalling of the specimen sur-
face was more serious when it reached 20 cycles (Fig. 11d).
During the heating process, thermal stress was generated
and promoted the expansion of existing microcracks. The
mineral particles expanded by heat later shrank during the
cooling process, but some mineral crystals were still con-
nected, and the large difference between the specific heat
capacity and thermal expansion coefficient of each mineral
crystal made the cooling and shrinking process of the speci-
men unable to occur freely [31, 32], so residual compressive
stresses developed within these red sandstone specimens
during the cooling process. The specimens also developed

more microcracks under the influence of residual compres-
sive stress [33, 34]. The phenomenon of crack initiation and
propagation inside a specimen became increasingly serious
with an increasing number of H-C cycles, as found from the
SEM results of the fracture surface of the specimen, which
are shown in Fig. 12.

Figure 12a shows the scanning result for the specimen
that did not undergo H-C cycles. Clearly, there are a cer-
tain number of microcracks in the sandstone. After H-C
treatment, the microstructure of the sandstone was changed.
After 5 H-C cycles, microcrack groups were generated
(Fig. 12b). The length of intergranular microcracks in a
specimen increased with an increasing number of H-C
cycles, accompanied by the appearance and expansion of a
small amount of transgranular microcracking, as shown in
Fig. 12c. When the number of H-C cycles reaches 15, both
the number of transgranular microcracks and the microc-
rack spacing increase, as shown in Fig. 12d. With further
increases in the number of H-C cycles, the intergranular
microcracks and transgranular microcracks expand and
interpenetrate after 20 cycles, as shown in Fig. 12e. It can
be concluded that the increase in the crack closure stress and
strain of the specimen is the result of the combined effect of
the increase in the intergranular microcrack spacing and the
number of intragranular microcracks.

The internal structure of red sandstone changes under
the action of H-C cycles, which also leads to the transfor-
mation of the macroscopic fracture mode of the specimen.
Figure 13 shows the failure modes of the specimens after
different numbers of H-C cycles at 600 °C. It can be seen
from the test results that the failure mode of the specimen
changes with the number of H-C cycles. For the specimen
with fewer than 10 H-C cycles, all manifested mainly mac-
roscopic shear failure (Fig. 13a—c). With the increase in the
number of H-C cycles, the failure mode of the specimen
gradually changed from shear failure to splitting failure.
Especially for the specimen with 20 cycles, there was no
shear failure plane observed; instead, several axial splitting
bands and visible end fractures formed (Fig. 13¢). The main
reason for this phenomenon is that the microcracks initiated
and expanded under cyclic H-C. Under uniaxial loading, the
microcracks connected, which led to the transformation of
the macrofracture mode of a specimen. After 20 H-C cycles,
due to the increase in the number of cracks and expansion
of cracks in the specimen, splitting failure occurred with the
connection of microcracks.

3.4 AE characteristics
The AE waveforms generated by rupture events provide
information related to crack rupture patterns [35]. To clas-

sify active cracks, two AE metrics, namely, RA values (angle
of rise) and AF values (average frequency), which are related
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Fig.8 a Stress—strain curves of red sandstone without cyclic H-C treatment and b tangent modulus-strain curve

to the shape of the AE waveform, were used to distinguish
between tensile and shear cracks [36, 37], as shown in
Fig. 14a. To further analyse the fracture characteristics of
the specimens treated with different numbers of H-C cycles,
RA and AF were used to classify the cracking pattern of red
sandstone specimens during loading. The two AE indicators
are calculated as follows:

RA =RT/A 2

AF=C/D 3)

where RT is the rise time, A is the maximum amplitude, D
is the duration of the AE waveform and C is the total number
of AE waveforms over a threshold.

In this study, a line with a slope of 0.5 kHz/ms/v is used
to distinguish tensile cracks from shear or hybrid cracks
[38]. As shown in Fig. 14b, due to the high scattering of the
raw data, the classification of cracking patterns is not obvi-
ous. Therefore, the kernel density estimation (KDE) method
is used to visualize the RA and AF data. This method can
better identify the concentration area of AF and RA values
and clearly visualize data points. Kernel density clouds for
crack classification in the crack propagation stage at 600 °C
for different numbers of H-C cycles are shown in Fig. 15.
For the kernel density clouds in Fig. 15, different concen-
tration areas are represented by different colours: red and
yellow represent the maximum density of data points, and
blue represents the minimum density of data points. Without
H-C cycles, the RA value varies from 0 to 400 ms/v, and
the AF value ranges from 0 to 330 kHz, which proves that
both tensile and shear/mixed cracking events occurred in
the loading process. Similar to Fig. 15a, the kernel density
cloud for the specimen with 5 H-C cycles under 600 °C

@ Springer

(Fig. 15b) also indicates that considerable shear or mixed
cracking events still occurred in the failure process of these
specimens. When the H-C cycles reached 10 cycles, the pro-
portion of shear fracture decreased significantly, and tensile
fracture gradually became dominant (Fig. 15c). It can also
be found from Fig. 13c that when the number of cycles is 10,
the spalling of the specimen surface is obvious, in addition
to the shear failure plane. With a further increase in H-C
cycles, the crack cracking pattern changes from shear mixed
rupture to tensile cracking. In particular, for the specimen
that underwent 20 cycles (Fig. 15e), tensile cracking events
played a dominant role during the crack propagation stage.
This result is also consistent with the macrofracture charac-
teristics in Fig. 13e, in which splitting (tensile) failure played
a dominant role.

4 Statistic constitutive model

4.1 Mechanism and constitutive model for coupling
H-C cycles and load

As mentioned earlier, the internal microdefects and cracks in
the red sandstone expand and initiate more new cracks under
the alternating effect of thermal expansion and contraction
during cyclic H-C treatment. During the loading process,
the damage inside the specimen will further accumulate until
macrofailure occurs. In this study, to investigate the coupling
mechanism of cyclic H-C treatments and loading on red
sandstone, the coupled damage process was discretized into
three different stages, as shown in Fig. 16. At the same time,
the strain equivalence principle was applied to derive the
total damage variables for the coupling effect of cyclic H-C
treatments and loading. To facilitate analysis, according to
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Lemaitre [39], the damage variable in terms of damage area  under an axial load is D, and the total damage variable of
can be defined as follows: rock material after cyclic H-C treatment and loading is D,
then the damage variables at each stage can be expressed as:

So =S4
D=—— )
SO D — SO_Sdn
n SO
where D is the damage variable, S is the total cross-sec- D, = Sa=Su )
tional area and S, is the undamaged cross-sectional area. : San
Assuming that the damage variable of rock material under D, = %
0

cyclic H-C treatment is D,, the damage variable of rock
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where S, is the total effective cross-sectional area, Sy, is the
undamaged effective cross-sectional area of the specimen
after cyclic H-C treatment, and S, is the undamaged effec-
tive cross-sectional area of the specimen after a combination
of cyclic H-C treatment and loading.

As mentioned before, the coupled damage process was
discretized into three different stages in this study (Fig. 16).
The first is the initial damage stage, the second is the dam-
age state of the rock after n H-C cycles, and the third is the
damage state of the rock specimen suffering from n H-C
cycles and axial loading. According to the strain equivalence
principle proposed by Lemaitre [40], the following can be
obtained:

@ Springer

6050 = 6,540 = O 1S ©6)

where o, and S, are the effective stress and effective force
area of the rock material in the first state (natural state), o,
and S, are the effective force and effective force area of the
rock material in the second state (after cyclic H-C treat-
ments) and o, and S, are the effective force and effective
force area of the rock material in the third state (with the
combination of cyclic H-C treatment and axial loading).
Combining Eqgs. (5) and (6), the following can be obtained:
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Fig. 12 SEM results of the fracture surfaces of specimens after different H-C cycles at 600 °C
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Fig. 13 Failure modes of specimens under uniaxial compression: a without H-C cycles; b 600 °C and 5 cycles; ¢ 600 °C and 10 cycles; d
600 °C and 15 cycles; e 600 °C and 20 cycles

_ _ To facilitate the analysis, the following assumptions are made:
On = (- Dl)o-n

En =(l _Dn)EO @)

— _ (1) This paper considers only the damage and deterioration of
oy = (1 =Dyoy

rock specimens caused by cyclic H-C treatment and axial
loading, and the initial damage of the specimen is defined

and as 0.
D, =D, +D,—D,D, ®) (2) The microcellular intensity follows the statistical law
! ! " of the Weibull function.
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Fig. 15 Kernel density contour map of crack failure classification after different cyclic H-C treatments at 600 °C

Because of the random distribution of cracks and pores in
rock materials, the mechanical properties of rock specimens
cannot be described by a single characteristic value. Consid-
ering the uneven distribution of the microelement strength in
heterogeneous rocks, the microelements inside the rock will

@ Springer

be randomly damaged under the action of external loads,
so it is a reasonable and effective approach to subject the
overall variation in microelement strength to some statisti-
cal distribution [41-43]. According to Wang et al. [43], the
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expression based on the rock microelement strength obeying
the Weibull distribution is proposed as

o= () eol(2)'

where ¢(¢) is the strength probability corresponding to the

base element at a microstrain, € is the microstrain of the
base element, and a and m are the Weibull statistical distri-
bution parameters. Then, at a certain stress o level satisfy-
ing € = 0e = 0, D, = 0D; = 0, and the damage variables D,
under a load are obtained from Eq. (10) as follows:

]Rm

D, = /:l)(e)de =1- eH )] (10
0

With Egs. (1), (8) and (10), the expression of the total
damage variable D, can be expressed as:

Dy = 1= Zng[(:)]
E()

1)

According to the strain equivalence hypothesis proposed
by Lemaitre [39], the damage constitutive relationship of red
sandstone after cyclic H-C treatment is:
o= Eeel (5] (12)

The typical stress—strain curve of red sandstone under
uniaxial compression is shown in Fig. 17 and can be divided
into three stages: the crack closure stage (OA), linear elastic
stage (AB) and yield stage (BC). For the crack closure stage
(OA), the stress—strain curve of the specimen is a concave

cooling treatment

|
\/\ \
- | =)

Sdnl

Stage 3:State of rock sample
subjected to high temperture
cycle treatment and force
loading (cracks caused by load)

Stage 2:The state of rock
sample after high temperature
cycle treatment (cracks caused
by heating-cooling cycles)

function rather than a linear function, indicating that the tan-
gent modulus gradually increases at this stage (Fig. 5) and
that there is a process of crack closure inside the specimen,
so this stage is a negative damage process.

As loading continued, the internal microdefects and cracks

of the specimen were compacted at point A. Therefore, for the
linear elastic stage (AB), the stress—strain curve is an approxi-
mately linear function. In the yield stage (BC), new cracks
were generated in the specimen, and the cracks continued
to expand under loading. The specimen underwent damage:
the total damage increased, the bearing capacity weakened
and the tangent modulus decreased. Clearly, the stress—strain
curve in the crack closure stage presents an obvious power
function trend. At the same time, as mentioned earlier, the
crack closure strain increased with an increasing number of
H-C cycles. Then, Eq. (12) cannot reflect the stress—strain
relationship at this stage. Therefore, to ensure that the model
reflects the mechanical properties of the specimens more real-
istically, the damage correction factor i was introduced to cor-
rect the total damage variable of the specimen:
=Dy =i(1-Dy) (13)
where D;l is the corrected total damage variable of the
specimen and i is a correction factor related to the rock type
and determined as a function of the shape of the specimen
during the compaction phase.

Based on the shape function of the specimen in the com-
paction stage, it can be considered a higher-order power
function [30, 43]. Combined with the shape of the speci-
men during the compaction phase, the correction factor is
expressed as:
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i=g (14)

Therefore, the modified expression for the total damage
variable is:

D, = 1= Engre[-()] (15)
0

The modified expression for the damaged structure is:

o = £,e0+0e[-(:)'] (16)

The expressions of the model parameters can be obtained
from:

do

I =0, o =En£;l+k)e[_(§>m] a7

P
(€4:,)

and the modified uniaxial compression intrinsic model
of the rock is:

l
(1+k)
a =g, (1 E—>
(l+k>
—(1+k)/1n (18)

G—Eo(l— e(kﬂ)e (« ]

L

where a and m are Weibull statistical distribution parameters
and €, and o,, are the peak strain and peak stress, respectively.
E,, is the peak tangent modulus of the rock after n H-C cycles.

4.2 Validation of the damage constitutive model
and parametric analysis

The reliability and rationality of the damage constitutive
model were verified based on the uniaxial compression
test results given above. Figure 18 shows the comparison
between the test curves and theoretical curves. As shown in
Fig. 18, the theoretical curve fitted by the derived damage
constitutive model is basically similar to the experimental
curves, and the peak stress, peak strain and peak tangent
modulus of the two kinds of curves are also basically the
same. At the same time, the crack closure deformation of
the specimens treated with different numbers of H-C cycles
can be well reflected by the proposed model.

In general, the fitted curve is consistent with the experi-
mental curve at each stage, and the mechanical parameters,
such as peak stress, peak strain and tangent modulus, are
also highly consistent. Therefore, the damage constitutive
model of the coupling effect of the cyclic H-C treatment
and loading of red sandstone proposed in this paper is in line
with the actual situation (Table 1).

The damage statistical constitutive model based on the
Weibull distribution proposed in this paper mainly considers
three parameters: k, a and m. o and m reflect the magnitude
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Fig. 17 Typical stress—strain curves of red sandstone under uniaxial
compression after cyclic H-C treatments

of the macroscopic statistical mean strength and the con-
centration of the distribution of the microelement strength
within the rock material, respectively [41, 42, 44]. As shown
in Fig. 19, when the heating treatment temperature is 200,
500 and 600 °C, parameters « and m generally decrease with
increasing H-C cycles, indicating that the distribution con-
centration degree of the microelement strength inside the red
sandstone decreases after the H-C treatment, and that speci-
men develops from brittle to ductile. The function fitting was
carried out according to the characteristics of the data points.
It was found that the properties of red sandstone specimens
with a higher heating temperature are easier to change under
cyclic H-C treatment. The value of the newly introduced
correction coefficient k increases with the increase in the
number of H-C cycles, as shown in Fig. 20.

The crack compacting phase of the stress—strain curve par-
ticularly pronounced for severely thermal damaged porous
rock materials. To further illustrate the advantages of the
model proposed in this paper, the Liu et al. [45] model and
Jiang et al. [13] model were applied to describe the experi-
mental data and were compared with the proposed model (see
Fig. 21),which still presents a higher consistency with the
experimental curves in contrast to the other two models. Two
error measurements, including the root mean squared error
(RMSE) and regression R-square value (R%), were adopted to
evaluate the reliability of the proposed model. Equations of
these error measurements are given in Eq. (19).

2 (}modsl }[es[)
R2 = | — Zizt Vmodel Thest” 19
Ez | Otesi— avemge)z ( )
RMSE = 1/ Zizt Omodet Ve

n

Viest> Ymodet @0 Yyyerage indicate the test value, the model
value and the average value, respectively. The R? and RMSE
were calculated as follows:
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Table 1 Mechanical parameters of the rock samples and corresponding damage constitutive model parameters under different numbers of H-C

cycles
Heating tempera- Cycles Average peak strength Average peak strain  Average peak tangent modu-  Parameters of the proposed
ture (7/°C) (EPMPa) (Ep%) lus (E,GPa) constitutive model
k a m
25 - 69.4 2.08 6.075 3.5542 2.1239 5.0622
200 5 67.4 2.28 5.629 3.7485 2.0467 3.3186
10 64.7 2.33 5.563 4.9185 1.5553 2.3186
15 62.2 2.44 5.428 6.0796 1.1621 1.8264
20 60.7 2.53 5.398 7.2379 0.8860 1.5761
500 5 65.4 2.30 5.850 3.6648 2.0363 3.1706
10 59.9 2.37 5.419 4.6387 1.5988 2.2895
15 58.1 2.62 5.269 6.4437 0.9630 1.5608
20 57.0 2.65 5.114 7.7379 0.7488 1.4314
600 5 64.2 2.82 5.013 6.6463 0.8639 1.4220
10 55.2 2.84 4.352 7.8745 0.6705 1.3200
15 44.6 2.76 3.779 9.1766 0.5609 1.2942
20 32.7 291 2.675 9.3658 0.4928 1.2097
O =——200°C O ——200°C
O ——500°C St O ——500°C
20 A 600°C A 600°C
¥=0.8159+1.32624%exp(-x"""/443.39847) y=3.82062*exp(-0.1249*x)+1.2477 R*=0.99962
R’=0.98834 4L
16 F y=0.73157+1.38407*exp(-x***/3722.81782) y=4.00402%(exp(-0.12495*x))+1.05508 R’=0.99496
R=0.9993
¥=3.79084*(exp(-0.64029%x))+1.27128 R’=0.99891
3+
® 12t £
2+
0.8 |
AN
y=0.15256+1.97134%exp(-x"*""""/1.84955) R*=0.99999 1F
04 F
1 " 1 " 1 " 1 " 1 1 1 1 1 1
0 5 10 15 20 0 5 10 15 20
Cycles Cycles
(a) o (b) m

Fig. 19 Variation in the statistical parameters a and m with the number of cyclic H-C treatments

A greater R? reflects less data deviation, while a smaller
RMSE reflects a more reliable estimation. It can be con-
cluded from the comparison in Fig. 21 and Egs. (20)—(23)
that the model proposed in this paper is more reliable and
more stable for higher numbers of H-C cycles than the other
two models and that the overall error is smaller at the initial
loading stage. Therefore, the damage statistical constitutive
model proposed in this paper is more suitable for rocks with
large porosity changes.

@ Springer

5 Conclusion

To investigate the damage deterioration of the red sandstone
specimen after H-C cycling, cyclic H-C experiments and
uniaxial compression tests were conducted. The influences
of cyclic H-C action on the strength, deformation charac-
teristics, damage variables and failure characteristics of
sandstone specimens were analysed. At the same time, a
statistical constitutive model of the damage of the cyclic
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H-C treated specimens under loading was proposed, and
finally, the model was validated using experimental data.
The main conclusions are as follows:

(D
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The thermal treatment had an obvious influence on the
peak strength of the specimens, and when the number
of cycles is constant, the peak strength decreased with
increasing temperature. For each temperature tested,
the damage variables increased with the number of
H-C cycles. The damage accumulation in rock under
cyclic H-C was not only related to the number of cycles
but also affected by the temperature. When the tem-
perature reached 600 °C, after 5 H-C cycles, the peak
strength showed a trend of accelerated decline, and the
damage accumulation effect increased significantly
with the increase in the number of cycles.
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Fig.21 Comparison of experimental and theoretical curves of different constitutive models
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(2) With an increasing number of H-C cycles, the slope of
the tangent modulus-strain curve obviously decreased,
and both the crack closure stress o, and crack closure
strain €. increased. The cyclic H-C treatment pro-
moted the development of fractures in the specimen,
and both the transgranular microcracks and the microc-
rack spacing increased. With the increase in the number
of H-C cycles, the failure mode of a specimen gradu-
ally changed from shear failure to splitting failure.

(3) A coupled damage evolution equation of red sandstone
under cyclic H-C treatment and loading was derived
based on the principle of strain equivalence. The dam-
age correction coefficient was introduced to modify
the total damage evolution equation. The crack closure
deformation of the specimens treated with different
numbers of H-C cycles were well reflected by the pro-
posed model, and the mechanical parameters, such as
the peak stress, peak strain and tangent modulus, were
also highly consistent. Finally, a comparative analysis
with previous models was carried out, and the model
proposed in this paper was more reliable and stable.

Acknowledgements This paper received funding from projects
(52104110, 52004329) supported by the National Natural Science
Foundation of China; a project (CKWV2019738/KY) supported by
the CRSRI Open Research Program; a project (MDPC201913) sup-
ported by Key Laboratory of Mining Disaster Prevention and Control
of China, Qingdao; a project (SKLGDUEK1908) supported by the
State Key Laboratory for Geomechanics and Deep Underground Engi-
neering, China University of Mining and Technology, Xuzhou; and a
project (2021zzts0882) supported by the Central South University Post-
graduate Independent Exploration and Innovation Project Fund. The
authors wish to acknowledge this support. The anonymous reviewer
is gratefully acknowledged for his or her valuable comments on the
manuscript.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical statement The authors state that the research was conducted
according to ethical standards.

References

1. Zhao YS, Feng ZJ, Xi BP, Wan ZJ, Yang D, Liang WG. Defor-
mation and instability failure of borehole at high temperature
and high pressure in hot dry rock exploitation. Renew Energy.
2015;77:159-65.

2. Siratovich PA, Heap MJ, Villeneuve MC, Cole JW, Kennedy BM,
Davidson J, Reuschlé T. Mechanical behaviour of the Rotokawa
Andesites (New Zealand): insight into permeability evolution and
stress-induced behaviour in an actively utilised geothermal reser-
voir. Geothermics. 2016;64:163-79.

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ghassemi A. A review of some rock mechanics issues in geother-
mal reservoir development. Geotechn Geol Eng. 2012;30:647-64.
Heuze FE. High-temperature mechanical, physical and thermal
properties of granitic rocks—a review. Int ] Rock Mech Min Sci
Geomech Abstr. 1983;20:3-10.

Zhao ZH. Thermal influence on mechanical properties of
granite: a microcracking perspective. Rock Mech Rock Eng.
2016;49:747-62.

Zhao YS, Wan ZJ, Feng ZJ, Xu ZH, Liang WG. Evolution of
mechanical properties of granite at high temperature and high
pressure. Geomech Geophys Geo-Energy Geo-Resour. 2017.
https://doi.org/10.1007/s40948-017-0052-8.

Chen YL, Ni J, Shao W, Azzam R. Experimental study on the
influence of temperature on the mechanical properties of granite
under uni-axial compression and fatigue loading. Int J Rock Mech
Min Sci. 2012;56:62-6.

Yang SQ, Ranjith PG, Jing HW, Tian WL, Ju Y. An experimental
investigation on thermal damage and failure mechanical behavior
of granite after exposure to different high temperature treatments.
Geothermics. 2017. https://doi.org/10.1016/j.geothermics.2016.
09.008.

Meng XX, Liu WT, Meng T, Pia G. Experimental investigation
of thermal cracking and permeability evolution of granite with
varying initial damage under high temperature and triaxial com-
pression. Adv Mater Sci Eng. 2018;2018:1-9.

Zhu D, Jing HW, Yin Q, Ding SX, Zhang JH. Mechani-
cal characteristics of granite after heating and water-cooling
cycles. Rock Mech Rock Eng. 2019. https://doi.org/10.1007/
500603-019-01991-6.

Yin Q, Wu JG, Jiang Z, et al. Investigating the effect of water
quenching cycles on mechanical behaviors for granites after con-
ventional triaxial compression. Geomech Geophys Geo-Energy
Geo-Resour. 2022. https://doi.org/10.1007/s40948-022-00388-0.
Hassen S. On the modeling of the dehydration induced transient
creep during a heating—cooling cycle of concrete. Mater Struct.
2011;44:1609-27.

Jiang HP, Jiang AN, Zhang FR, Yang XR. Study on mechanical
properties and statistical damage constitutive model of red sand-
stone after heating and water-cooling cycles. Int ] Damage Mech.
2022;171:102980.

Zhou SW, Xia CC, Zhao HB, et al. Statistical damage constitutive
model for rocks subjected to cyclic stress and cyclic temperature.
Acta Geophys. 2017. https://doi.org/10.1007/s11600-017-0073-2.
Yin TB, Wu Y, Wang C, Zhuang DD, Wu BQ. Mixed-mode I
+ II tensile fracture analysis of thermally treated granite using
straight-through notch Brazilian disc-specimens. Eng Fract Mech.
2020;234:107111.

Meng T, Xue GW, Ma JW, Yang Y, Liu W, Zhang J, Bosen J, Fang
SH, Ren GL. Mixed mode fracture tests and inversion of FPZ
at crack tip of overlying strata in underground coal gasification
combustion cavity under real-time high temperature condition.
Eng Fract Mech. 2020;239:107298.

Zhang Q, Li XC, Bai B, Hu HX. The shear behavior of sandstone
joints under different fluid and temperature conditions. Eng Geol.
2019. https://doi.org/10.1016/j.enggeo.2019.05.020.

Zhao ZH, Dou ZH, Xu HR, Liu ZN. Shear behavior of Beishan
granite fractures after thermal treatment. Eng Fract Mech. 2019.
https://doi.org/10.1016/j.engfracmech.2019.04.012.

Zhai TQ, Zhu JB, Zhou CT, Yang T. Experimental investigation of
the effect of thermal treatment on shear characteristics of healed
rock joints. Int J Rock Mech Min Sci. 2022;152:105074.

Xiong LX, Chen HJ. Effects of high temperatures and load-
ing rates on the splitting tensile strength of jointed rock mass.
Geotechn Geol Eng Int J. 2020. https://doi.org/10.1007/
$10706-019-01137-z.


https://doi.org/10.1007/s40948-017-0052-8
https://doi.org/10.1016/j.geothermics.2016.09.008
https://doi.org/10.1016/j.geothermics.2016.09.008
https://doi.org/10.1007/s00603-019-01991-6
https://doi.org/10.1007/s00603-019-01991-6
https://doi.org/10.1007/s40948-022-00388-0
https://doi.org/10.1007/s11600-017-0073-2
https://doi.org/10.1016/j.enggeo.2019.05.020
https://doi.org/10.1016/j.engfracmech.2019.04.012
https://doi.org/10.1007/s10706-019-01137-z
https://doi.org/10.1007/s10706-019-01137-z

Archives of Civil and Mechanical Engineering (2022) 22:188

Page190f 19 188

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Li M, Wang DM, Shao ZL. Experimental study on changes of
pore structure and mechanical properties of sandstone after high-
temperature treatment using nuclear magnetic resonance. Eng
Geol. 2020;275:105739.

Jing XD, Sun Q, Jia HL, Ge ZL, Wang T. Influence of high-tem-
perature thermal cycles on the pore structure of red sandstone.
Bull Eng Geol Environ. 2021;80:7817-30.

Kong B, Li ZH, Wang EY. Fine characterization rock thermal
damage by acoustic emission technique. J] Geophys Eng. 2018.
https://doi.org/10.1088/1742-2140/aa%a54.

Chen YL, Wang SR, Ni J, Azzam R, Steeger TMF. An experi-
mental study of the mechanical properties of granite after high
temperature exposure based on mineral characteristics. Eng Geol.
2017;220:234-42.

Wu XH, Guo QF, Zhu Y, Ren FH, Zhang J, Wu X, Cai MF. Pore
structure and crack characteristics in high-temperature granite
under water-cooling. Case Stud Therm Eng. 2021;28:101646.
Ghassemi A, Tarasovs S, Cheng AH-D. A 3-D study of the effects
of thermomechanical loads on fracture slip in enhanced geother-
mal reservoirs. Int J Rock Mech Min Sci. 2007;44:1132—48.
Safari R, Ghassemi A. 3D thermo-poroelastic analysis of fracture
network deformation and induced micro-seismicity in enhanced
geothermal systems. Geothermics. 2015;58:1-14.

Ghassemi A, Tao QF. Thermo-poroelastic effects on reservoir seis-
micity and permeability change. Geothermics. 2016;63:210-24.
Brown EET. Rock characterization, testing & monitoring: ISRM
suggested methods. Oxford: Pergamon Press; 1981.

Ji PQ, Zhang XP, Zhang Q. A new method to model the non-linear
crack closure behavior of rocks under uniaxial compression. IntJ
Rock Mech Min Sci. 2018;112:171-83.

Ahrens TJ. Mineral physics & crystallography: a handbook of
physical constants. Chicago: American Geophysical Union; 1995.
Krishna Rao KV (1974) Thermal expansion and crystal structure.
In: AIP conference proceedings

Wai R, Lo KY, Rowe RK. Thermal stress analysis in rocks with
nonlinear properties. Int J Rock Mech Min Sci Geomech Abstr.
1982;19:211-20.

Homand-Etienne F, Houpert R. Thermally induced microcracking
in granites: characterization and analysis. Int J Rock Mech Min
Sci Geomech Abstr. 1989;26:125-39.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Kordatos EZ, Aggelis DG, Matikas TE. Monitoring mechanical
damage in structural materials using complimentary NDE tech-
niques based on thermography and acoustic emission. Composites
B. 2012;43:2676-86.

Ohno K, Ohtsu M. Crack classification in concrete based on
acoustic emission. Constr Build Mater. 2010;24:2339-46.
Triantis D, Kourkoulis SK. An alternative approach for represent-
ing the data provided by the acoustic emission technique. Rock
Mech Rock Eng. 2018;51:2433-8.

Niu Y, Zhou XP, Berto F. Evaluation of fracture mode classifica-
tion in flawed red sandstone under uniaxial compression. Theor
Appl Fract Mec. 2020;107:102528.

Lemaitre J. How to use damage mechanics. Nucl Eng Des.
1984;80:233-45.

Lemaitre J. A continuous damage mechanics model for ductile
fracture. J Eng Mater Technol. 1985;107:83-9.

Shen PW, Tang HM, Ning YB, Xia D. A damage mechanics based
on the constitutive model for strain-softening rocks. Eng Fract
Mech. 2019;216:106521.

Deng J, Gu DS. On a statistical damage constitutive model for
rock materials. Comput Geosci. 2011;37:122-8.

Wu Al, Deng JH, Gu X, Hong Y. Research on mechanical prop-
erties and damage evolution law of argillaceous dolomite under
freeze—thaw cycles. Rock Soil Mech. 2014;35:3065-72.

Li X, Cao WG, Su YH. A statistical damage constitutive model
for softening behavior of rocks. Eng Geol. 2012;143-144:1-17.
Liu WJ, Dan ZW, Jia YJ, Zhu XH. On the statistical damage
constitutive model and damage evolution of hard rock at high-
temperature. Geotechn Geol Eng. 2020;38:4307-18.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.

@ Springer


https://doi.org/10.1088/1742-2140/aa9a54

	Damage deterioration mechanism and damage constitutive modelling of red sandstone under cyclic thermal-cooling treatments
	Abstract
	1 Introduction
	2 Experiment procedure
	3 Experimental results
	3.1 Strength, deformation characteristics and cumulative damage variables
	3.2 Tangent modulus-strain curve and microcrack closure behaviour
	3.3 Failure characteristics
	3.4 AE characteristics

	4 Statistic constitutive model
	4.1 Mechanism and constitutive model for coupling H–C cycles and load
	4.2 Validation of the damage constitutive model and parametric analysis

	5 Conclusion
	Acknowledgements 
	References




