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Abstract

To investigate the strength characteristics and failure mechanism of granite after thermal treatment are critical for geothermal
energy storage and development. Acoustic emission (AE) is widely used to deduce the process of rock crack generation,
development and penetration in laboratory tests, thus revealing the mechanism of rock failure. However, previous investigations
have shown that laboratory tests cannot directly observe the interaction of thermal cracks and thermal stress, and more than
90% of AE tensile failure sources cannot be captured. This paper investigates the generation mechanism of thermal cracks
and thermal stress distribution in thermally treated specimens using the discrete element method. After that, the evolution of
AE failure sources is quantitatively analyzed by the moment tensor inversion results. The results showed that: (1) Thermal
cracks destroy the internal structure of the specimen, thus weakening its mechanical properties. The number of thermal
cracks increases with the temperature, further aggravating the damage to the mechanical properties of specimens; (2) as
the temperature increases, the failure mode of the specimen changes from splitting failure to shear failure. Moment tensor
inversion revealed that tensile failure dominated the final damage of samples. The shear and compaction failure sources
increase with temperature, while tensile failure sources decrease; (3) the b value increased by 215% from 25 °C to 1000 °C.
As the number of microcracks in a single AE event increases, the AE frequency decays exponentially, and most AE events
have 1-5 microcracks.
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1 Introduction for geothermal energy reservoirs. During the drilling pro-

cess, granite will continue to cool under the influence of
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because of its environmental friendliness, high efficiency and ~ will be weakened, and the fractures will be formed in the
abundant reserves. Granite is the primary storage medium  surrounding rock of the borehole. The fractures allow the
circulation of fluids and cause continuous damage to the
borehole. Furthermore, the safe implementation of under-
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the surrounding rocks and the smooth development of the
project.

Many studies have shown that temperature significantly
impacts the physical and mechanical properties of rocks.
After thermal treatment, the longitudinal velocity, density,
peak strength and elastic modulus all decrease as temperature
rises, but porosity and Poisson’s ratio increase [2,4,7,8]. The
change in physical parameters is closely related to water loss
and structural damage caused by thermal reactions [9]. The
mechanism of temperature effect on mechanical damage is as
follows: due to the thermal expansion coefficient difference
and the influence of thermal expansion anisotropy in miner-
als. The phenomenon of local thermal stress concentration
between minerals is caused, leading the internal structure
to change [10,11]. After exceeding a specific temperature,
the stress acting on the boundary of minerals is greater than
the strength limit of minerals. As new cracks are generated
between or inside minerals, the primary cracks may fracture
and expand [12]. Heat accumulated within the rock changed
the structure of the relatively weak units. The higher the
temperature, the greater the variation range of the internal
structural system, resulting in more microcracks. Thermal
stresses and thermal cracking caused by the temperature are
the primary causes of mechanical property deterioration [13—
15].

SEM (scanning electron microscopy) and AE (acous-
tic emission) monitoring [16,17] have been widely used to
investigate the effect of thermal on the physical and mechan-
ical properties of rocks. Nasseri et al. [18] applied the thin
section image to analyze the Westerly granite after heating—
cooling cycles; the microcracks and porosity increased with
increasing temperature. The microcracks first appeared on
the boundary of minerals and then propagate inside [19].
As the temperature increases, the crack expansion pattern
changes from forward expansion of new cracks to continu-
ous development of existing cracks [20]. AE can determine
the thermal damage factor and the change in thermal crack-
ing during heat treatment [21]. Some studies showed that the
AE activity is concentrated around the peak strength region
and microcracks induced at the edges are larger than inside
[5]. Due to the limitation of equipment, there are still lim-
itations in studying evolution process of microcracks. For
instance, up to 90% of tensile failures cannot be monitored
in experiments [22].

Numerical simulation can simulate complex experimen-
tal circumstances to supplement indoor experiments. The
DEM (Discrete Element Method) aims to model a dis-
continuous medium. Accurate parameter calibration is the
key factor to study the mechanical behavior of rock. The
parameters are determined by the trial and error approach
to make the simulation results match well with experimen-
tal observations. Parameter calibration has been discovered
to be a time-consuming operation. In addition to DEM, the
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extended rigid body spring network method (RBSN) [23,24],
the extended finite element method (XFEM) [25,26], the
phase field method [27,28], the meshfree method [29] and
the peridynamic method [30,31] also can better simulate the
brittle fracture of rock. The challenge of DEM in debugging
parameters can be avoided with these simulation techniques.
However, the DEM can model large deformation, crack prop-
agation and object fracture since the particles can slip, rotate
and separate. This advantage is not present in the research
methods mentioned above.

Many scholars have investigated the mechanical behav-
ior and fracture mechanism of rocks after heat treatment
using DEM. Thermal stress and cracks inside the specimen
increased with the temperature [32] and the microcracks
propagate mainly through intergranular and intragranular
[33]. The number of microcracks is directly related to the
grain size, which decreases as the grain size increases [34].
The sudden value of thermal stress increases significantly
with increasing temperature and produces considerable dam-
age to the ends and edges of the rock [35]. The transverse
thermal conductivity of the specimen varies nonlinearly with
increasing axial stress due to the closure, sprouting and
expansion of microcracks. The transverse thermal conduc-
tivity of the sample also varies significantly under different
temperature treatments [36]. The specimen treated with high
temperature exhibits a negative Poisson’s ratio under low
stress, the isolated massive clusters formed during the ther-
mal treatment are the main reason for the negative Poisson’s
ratio [37]. The above research shows that DEM can well
study the failure mechanism of rock under temperature.

AE in numerical simulation can analyze the microcrack
evolution and explain the rock’s failure process from the
micro level. Hazzard and Young [38] introduced an approach
for simulating AE in PFC and obtained the AE magnitude by
a reasonable calculation method. After that, scholars have
conducted quantitative investigations on the fracture char-
acteristics of transversely isotropic rocks [39], the failure
mechanism of rocks containing defects [40] and the mech-
anism of the effect of weak planes on hydraulic fracture
propagation [41]. The results showed that AE numerical
simulations based on moment tensor inversion can better
describe crack sprouting, extension and interaction. The frac-
ture information and moment magnitude of each AE event
can be obtained.

AE test is widely used to deduce the process of rock crack
generation, development and penetration in laboratory, thus
revealing the mechanism of rock failure. However, AE tech-
nology is often limited in probe sensitivity, data storage and
some AE events that cannot be monitored [22,42,43]. Fur-
thermore, it is widely accepted that thermal stress is caused
by the thermal expansion of minerals, resulting in thermally
induced cracks. Because the change in thermal stress dis-
tribution and microcrack property under different thermal
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loading paths is difficult to obtain in laboratory tests, there
are few relevant studies. Thus, this paper investigates the
failure mechanism and AE characteristics of granite after
thermal treatment at the microscopic level using DEM. The
distribution of the thermal stress, the evolution of AE char-
acteristics and the failure mechanism of the granite after
loading are examined. This research has significant impli-
cations for the advancement of underground engineering in
a high-temperature environment.

2 Modeling approach
2.1 Thermal calculations in DEM

In DEM thermal simulation, particles are modeled as heat
reservoirs and their contacts as heat flow paths. After set-
ting appropriate thermal parameters and boundaries, thermal
simulation can calculate temperature and heat flux distribu-
tion in heat conduction. Thermal modeling follows the heat
conduction equation and Fourier’s law. For a single reservoir,
the heat conduction equation is [44]:

aT

N
=2 0"+ Qy=mCy— (1

p=1

where Q(P) is the power, Qy is the heat source intensity, m is
the thermal mass, Cy is the specific heat, T'is the temperature.

Each pipe is regarded as a one-dimensional line of length
L, the power (Q) in a pipe is given by:

AT

0= @)

where Q is the power in a pipe, AT is the temperature dif-
ference between the two reservoirs on each end of the pipe,
n the thermal resistance.

In practice, the thermal conductivity (k) can be measured,
and for isotropic materials, there is a relationship between
thermal conductivity and thermal resistance: [10]:

1 1—n
= — | ——— (»)
Np Np

where N, is the active thermal pipes of balls, 7 is the poros-
ity, v ® is the volume of the particle, Ny is the numbers
of the particles, [P is the length of each pipe, k is thermal
conductivity.

As particles thermally expand, the material will generate
thermal strain. Assuming that the change of temperature is

AT, the particle radius changes as follows:
Ar = ar AT “

where « represents the thermal expansion coefficient; r, Ar
represent the particle radius and the change value, respec-
tively.

If alinear parallel bond is present at the mechanical contact
associated with a thermal contact, we assumed that tempera-
ture affects only the normal component of the bonding force.
When parallel bonding contacts a heat pipe and the material
expand isotropically, the normal component of the bonding
force changes as [44]:

AF, = —kpA(eLAT) 3)

where AF,, is the bond normal force, k, is the bond normal
stiffness, A is the area of the bond cross section and L is the
bond length.

2.2 Moment tensor algorithm in DEM

In this study, the moment tensor approach was used to quan-
tify the mechanism of the seismic source and calculate the
AE magnitude. The moment tensor and its components were
calculated by integrating the microcracks at each time step
following the bond fracture based on the change in contact
position and contact force: [39]

M;; = ZAELj (6)
N

The M;; is the scalar seismic moment, AF; is the ith
component of the contact force change, L; is the jth com-
ponent of the distance between the contact point and the AE
event centroid and the sum is performed in the range of the S
surface, enclosing the AE event. The moment tensor can be
calculated in real-time using this method, but it will consume
much memory. Hence, the moment tensor with the largest
scalar moment was chosen as the moment tensor of the AE
event, and the scalar moment (M) can be obtained by Eq.7
[45]:

3o\
Mo = <—Z"21 ’) @

The M is the jth eigenvalue of the moment tensor matrix.

The AE’s moment magnitude (My,) indicates the event’s
influence range and the energy released by each event, it can
be calculated using Eq. 8 [46]:

2
szglogM0—6 (8)
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Fig.2 Decomposition of force and moment in parallel bond model [53]

Feigner and Young quantize the failure mechanism of AE
events using the ratio of isotropic to deviatoric part of the
moment tensor [47,48], R can be expressed as:

R— tr(M) x 100 9)

3
|tr(M) + 3° m;*|
i=1

where tr (M) is the moment tensor trace, m; * is the deviatoric
eigenvalue.

The ratio (R) ranges between — 100 and 100. When R is
larger than 30, less than — 30, or between — 30 and 30, the
AE event is described as tensile failure, compaction failure,
or shear failure, respectively [40].

3 Numerical modeling and
micro-parameters calibration

The DEM was proposed by Cundall [49] for solving rock
mechanics problems and then applied to soils by Cundall and
Strack [50]. PFC2D simulates the movement and interaction
of stressed assemblies of rigid circular particles using the
DEM. It allows finite displacements, rotations and complete
separation of discrete bodies and automatically recognizes
new contacts. The motion of a single rigid particle is deter-
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Fig.3 Mechanisms of microcrack generation in DEM [35]

mined by the resultant force and moment vectors acting upon
it and can be described in terms of the translational motion
of a point in the particle and the rotational motion of the
particle.

There are two major types of bonding models available:
the parallel bond model and the contact bond model (Fig. 1).
The difference is that the former can transmit both forces and
moments and mostly used for rock simulation. The parallel
bond model simulates the physical behavior of a cement-
like material connecting two adjacent particles (B and C in
Fig.2). The relative motion of particles will generate forces
and moments at the cementation and act on particles at both
ends of the bond. The contact area between particles can
be regarded as a disk. The initial values of both the parallel
bond force F and moment M are zero after parallel bond
formation.

F can be decomposed into normal F,, and shear com-
ponents Fg. M is resolved into a twisting M, and bending
moment Mb. After that, the normal & and shear stress T on
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Table 1 Physical parameters of the numerical model Table 3 Thermal expansion coefficients of minerals [56]
Model parameters Value Thermal expansion coefficient a, 1076/°C Value
Size,W xH (mm) 50x100 Quartz 243
Minimum particle size, Ry, (mm) 0.4 Plagioclase 14.1
Particle size ratio,v 1.66 K-feldspar 8.7
Porosity, p 0.16 Biotite 3.0
Particle number, Ny, 20290 Amphibole 23.8
Particle density,p (kg/m3) 2750
the parallel bond can be described as: [52] To determine the reasonable filling of the model, the ini-
o tial porosity was set to 0.16. According to previous studies
o = Loy B | ‘3HR [55], the parallel bond model was chosen as the bond model
A OI 2D (10) between particles. The model parameters of granite are listed
T=134 BH LIS in Table 1.
J In this study, the granite is composed of quartz, pla-

where A is the parallel bond cross-sectional area, R is the
bonding radius, J is the polar moment of inertia of the parallel
bond cross-sectional area, I is the moment of inertia of the
parallel bond cross-sectional area, B is moment contribution
factor, with 8 € [0, 1].

If the force acting on a bond exceeds the tensile or shear
strength, the bond will be broken. The force, moment and
stiffness on the bond will all vanish simultaneously, and a ten-
sile or shear crack is formed (Fig. 3). The bonding between
particles A and B is subject to the radial force and then slides
in the radial direction. When the radial force exceeds the
tensile strength, the bonding will be breaking, thus generat-
ing tensile cracks. When the shear force between particles C
and D exceeds the shear strength, the bond will be ruptured,
resulting in a shear crack.

3.1 Model building

The numerical model used to study the granite has the same
size as the report by Liu et al. [54]. The particle sizes of
the model were distribution ranging from 0.4 to 0.664 mm.

gioclase, K-feldspar, biotite and amphibole. Diopside and
magnetite, which have a negligible proportion since their
effect on mechanical and thermal response is limited [10].
The minerals and contents of the sample are listed in Table
2. To accurately reflect the thermal behavior of the miner-
als, it is necessary to assign thermal expansion coefficients
to the different minerals. The thermal expansion coefficients
are summarized in Table 3. The specific heat of all particles
is set to 1015 J/kg-°C.

The cellular automata simulation is used to create a numer-
ical model with equal proportions of minerals based on the
mineral composition in Table2 [57]. The purpose of the
cellular automaton approach is to create a “cluster” model
that reflects the uneven shape of the mineral. The numerical
model is presented in Fig. 4. The establishment process is as
follows: If the mineral types in n are included in the sample,
first set the properties of all particles as matrix minerals and
the proportion of other minerals as random seed generation.
The proportion of each mineral in the mineral seed automat-
ically determines the mineral type [58]. The probability that
the particle ith in contact with a certain mineral particle is
the same type is:

Table2 The mineral

Mineral composition in experimental/%

Mineral composition in numerical/%

composition in the granite Minerals

sample Quartz 17
Plagioclase 37
K-feldspar 8
Biotite 18
Amphibole 12
Diopside 4
Magnetite 4

17
45
8
18
12
0
0
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Fig.4 Numerical model containing multiple minerals

Table 4 The micro-parameters for the numerical model

Parameters Values
Effective modulus of the particle, E. (GPa) 25.5
Stiffness ratio of the particle, k,/k; 1.2
Effective modulus of the parallel bond, E}, (GPa) 25.5
Stiffness ratio of the parallel bond, kpp/ks} 1.2
Friction coefficient, f 0.5
Tensile strength, o./MPa 52
Friction angle, ¢/° 50
Cohesion, ¢/MPa 68
Moment contribution factor, 8 0

pi = (Va = Vo)/Wa (1)

Vi is the final target area of the nth mineral, and V. is
the current existing area when the nth mineral is generated.
When the mineral type and ratio are specified, the program
will repeatedly calculate and guide every mineral to reach its
proportion.

To avoid the thermal shock on the effect of thermal crack-
ing [59], the sample was heated uniformly with 10 °C for
every timestep. The model will calculate until the ratio of the
maximum unbalanced force to the average force of all par-
ticles was less than 0.01. Previous studies have shown that
the phase of quartz will change from « to 8 at 573 °C. When
the temperature increased to 573 °C, the radius of quartz is
expanded by 1.0046 times, and the radius will be shrunk by
0.9954 times when the temperature decreased to 573 °C [34].
This method is used to simulate the phase transition of quartz.

3.2 Calibration of micro-parameters

The micro-parameters of the granite model are determined
by the ‘trial and error’ method. When the mechanical param-
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eters, such as peak strength and elastic modulus are closed
to the experimental, it is proven that micro-parameters can
accurately reflect the physical and mechanical properties
of granite. The ‘trial and error’ approach has been widely
introduced in previous studies [60], hence, it is not repeated
here.

The parallel bonding model, which considers the contact
between particles as a point contact, has been proven to over-
estimate the specimen’s tensile strength. In this paper, the
problem of high tensile to compressive ratios is solved by
modifying the failure criterion of the parallel bond model (By
modifying the moment contribution factor to zero) (Eq. 10)
[61]. Table 4 lists the micro-parameters used in this paper.
The numerical and experiment results for granite at dif-
ferent temperature treatments after loading are compared
in Fig.5. The numerical results agree with the experimen-
tal data in the stress—strain curve, peak strength and elastic
modulus.

When the temperature is lower than 400 °C, the peak
strength is almost constant with increasing temperature,
whereas it rapidly decreased when the temperature exceeds
400 °C (Fig. 5c). The elastic modulus obtained by numerical
is larger than the experimental, ranging between 200 °C to
1000 °C (Fig. 5d).These differences are caused by the chemi-
cal reactions of the minerals and melting at high temperature
conditions, which cannot be simulated by software. Thus, as
the temperature exceeds 200 °C, the peak strain obtained by
the numerical is less than that of the experiment, resulting in
a greater elastic modulus (Fig. 5d).

According to some investigations [51,55], spherical parti-
cles underestimate the sample’s peak dependency, resulting
in a high ratio of tensile strength to compressive strength,
which may produce an error between numerical results and
the experiment. Reference [62] provides methods to avoid
these errors.

4 Results and discussion
4.1 Analysis of thermal damage

4.1.1 Distribution of microcracks inside samples after
thermal treatment

The microcracks distribution after different temperature
treatments is shown in Fig. 6. The black and red lines repre-
sent tensile and shear cracks, respectively. The mechanical
characteristics of the specimens remained unchanged at 100
°C, only thermal expansion take place, and no microcracks
are observed. However, temperature variations will impact
the internal structure of the specimen [11].

At 200 °C, the microcracks begin to appear in the speci-
men. All microcracks are tensile cracks that are randomly
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Fig.5 Comparison of experimental and numerical stress—strain curves, peak strength and elastic modulus after loading test

dispersed and do not aggregate. At 400 °C, the microc-
racks coalesce partially and even connect to form large
fractures, with the total microcracks reaching 5431. Ther-
mal stress caused massive thermal damage from 600 °C to
1000 °C, and more microcracks are produced, which may
further grow into macro fractures. The formation of frac-
tures aggravates the specimen’s internal structure damage
degree. The temperature has a positive correlation with the
number of microcracks. However, the growth rate of micro-
cracks is inconsistent throughout temperature ranges, with a
maximum between 400 °C and 600 °C.

The number of intragranular and intergranular cracks are
plotted in Fig. 7. Most of the microcracks are formed between
grains with different thermal expansion coefficients. The
specimen produced only 59 microcracks at 200 °C. A signif-
icant number of microcracks begin to appear when 400 °C is
reached, with the number exceeding 3000.

Due to the phase transition of quartz, from 400 °C to 600
°C, the rate of crack formation reaches its peak. Compared to

400 °C, the number of cracks has increased by 126% at 600
°C. More than 62 % of microcracks are intergranular, occur-
ring mostly at the interface of minerals with different thermal
expansion coefficients. Plagioclase predominated among the
four minerals, accounting for more than 19% of the intragran-
ular microcracks. Although plagioclase does not have the
greatest thermal expansion coefficient, but it has a high pro-
portion in the specimen, followed by amphibole and quartz
with a large thermal expansion coefficient. K-feldspar and
biotite have the smallest microcracks because their thermal
expansion coefficient and proportion are the lowest.

The microcracks grow linearly from 600 °C to 1000 °C,
but the growth rate decreases by 39% compared to 600 °C.
The number of intergranular cracks reduces by 3% at 1000
°C and the proportionate distribution of intragranular cracks
matches the temperature in 600 °C.
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Fig.6 The distribution of
microcracks inside the
specimens after different
temperature treatments. The
black and red lines are tensile
and shear cracks, respectively.
(Color figure online)
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Fig.7 The number of microcracks inside the specimens after different
temperature treatments
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(b) T=200°C

(e) T=800°C (f) T=1000°C

4.1.2 Distribution of thermal stress inside samples after
thermal treatment

The local tensile and compressive stress concentrations will
be formed inside the sample at high temperatures. Since the
minerals are spread out randomly in the model, the tensile
and compressive stresses differ in value and degree. The
stress field are recorded using measurement circles, and it
can further analyze the influence of thermal damage on the
mechanical properties of samples. The radius of the mea-
surement circle is 2.5mm, and a total of 200 are created. It
should be noted that by default, the tensile stress is positive,
and the compressive stress is negative.

The evolution of thermal stress is shown in Fig.8. The
thermal stress of the sample is mainly tensile stress, with a
maximum value of 0.02 MPa at 100 °C, and a portion of the
compressive stress area is formed, with a maximum value of
0.01 MPa. At 200 °C, two concentrated tensile stress zones
are formed, which are composed of the plagioclase, quartz
and amphibole. The plagioclase’s deformation is smaller than
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Fig.8 Thermal stress distribution of the specimens after different temperature treatments, the negative and positive values represent compressive

and tensile stresses, respectively

quartz and amphibole due to its lower thermal expansion
coefficient. Hence, local tensile stress is generated in this
area.

The tensile and compressive stress concentration regions
both increased rapidly at 400 °C, but the compressive stress
concentration regions are dominant, with the maximum stress
value of 0.29 MPa. Due to the minerals squeeze each other
frequently, the thermal stress is all compressive stress at
800 °C. At 1000 °C, the maximum compressive stress value
exceeded 2MPa. This value is increased about seven times
compared to the 400 °C. The compressive stress concentra-
tion area increased significantly, and there appeared in almost
every region, causing the greatest degree of structural dam-
age to the specimen.

4.1.3 Distribution of local thermal stress and microcracks
after thermal treatment

The evolution of local contact force chains and microcracks
under different treatment is plotted in Fig.9. (The black line
represents the contact force, while the thickness of the line
reflects the contact force value.) The number of contact stress
concentration areas and the maximum value increase with
temperature. The generation of thermally induced cracks sig-
nificantly affects the stress distribution between particles,
there is an interaction between both. As can be seen in Fig. 9,
there are a larger number of microcracks distributed in the
stress concentration region.

There are only a few contact force concentration areas
below 400 °C and they are not connected to each other.
Above 400 °C, microcracking develops rapidly and its pro-
portion increases with increasing temperature. The contact
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Fig.9 Local display of contact forces and microcracks inside the specimens after different temperature treatments. The thickness of the black line
represents the magnitude of the contact force, the red line are the microcracks. (Color figure online)

force developed further within minerals with a lower thermal
expansion coefficient, and it promotes the connection of dif-
ferent contact force concentration areas. The contact forces
in turn promotes the formation of microcracks. The above
research reveals that the damage degree of rock’s internal
structure by temperature is connected to the mineral thermal
expansion coefficient, mineral content and mineral strength
limit.

Figure 10 shows the optical micrograph of thermally
induced cracks in granite after high temperature treatment.
There are no obvious thermally induced cracks to be observed
at 200 °C. At 400 °C, intergranular cracks form mainly
between feldspar and feldspar, quartz and feldspar. Mean-
while, no transgranular cracks are generated. At 600 °C,
the phase change of quartz causes multiple intergranular
cracks at the quartz—feldspar interface and transgranular
cracks within the quartz. At 800 °C, microcracks promote
each other and progressively develop macrofractures, signif-
icantly increasing crack width. The numerical evolution of
crack types is similar to the experiment.

@ Springer

In summary, when rocks are heated, the mineral parti-
cles within will not deform freely in accordance with their
inherent thermal expansion coefficients. Therefore, mineral
particles are constrained, the mineral with large deformation
is compressed and the small deformation is stretched. Thus,
the thermal caused stress concentration zone formed in the
rock. A large proportion of the thermal stress concentration
area is a crucial factor that causes the mechanical character-
istics of the sample to deteriorate.

4.2 Influence of temperature on the failure
mechanism of granite

4.2.1 Spatial distribution of AE events after loading test

The AE distribution of the samples at different thermal treat-
ments after loading is shown in Fig. 11. The cyan, blue and
red circles represent the tensile, compaction and shear fail-
ure, the radius represents the AE magnitude. The magnitude
indicates the fracture strength of the AE events. The number
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Fig. 10 Thermally induced
cracks observed in the
laboratory test [63]. “bc” means
“boundary crack,” “tc” means
“transgranular crack.” Q, F and
B represent quartz, feldspar and
biotite, respectively

(a) T=200°C

(c) T=600°C

of AE events and their magnitude both decrease as tempera-
ture increases.

The distribution of the AE events in high temperature sam-
ples (T =600 °C, 800 °C, 1000 °C) are more scattered than
low temperature (7'=25 °C, 100 °C, 200 °C, 400 °C) and
the AE magnitudes are relatively low, this is due to the sig-
nificant structural damage within these samples. The failure
source of AE events in all samples is dominated by tensile.

For the low temperature conditions (below 400 °C), the
obvious fracture failure can be observed, the AE events are
concentrated in the macrofracture zone. In areas outside the
fracture zone, the AE magnitudes are relatively small. (The
radius of the circle is smaller than the circle of the fracture
zone.) These cracks failed to penetrate to form large fractures,
and they released less energy during the damage process and
did not stimulate the formation of more microcracks in the
surrounding area.

From 600 °C to 1000 °C, the range of bond failure is
enormous, compared to the samples treated at temperatures
below 400 °C, there is no apparent macroscopic fracture
zone. At this point, most AE events are composed of indi-
vidual microcracks. The thermal damage causes a significant
increase in defects and porosity within the specimen, lead-
ing to the disorderly development of microcracks. Thus, the
AE events are scattered in the specimens. Furthermore, the
failure mode of the sample inclined to plastic failure as tem-
perature increased, indicating that the effect of temperature
leads to an intensification of the rock plastic failure trend.

(d) T=800°C

Many investigations show that the sample’s failure mode
shifts from splitting to shear as the temperature increase [64—
66], which is consistent with the findings in this research.

The proportion of AE failure sources after loading is
shown in Fig. 12. The tensile failures first increased, then
decreased and peaked at 600°C, accounting for 81% of the
total events. The shear and compaction failure source first
reduced and then increased with the temperature. Tensile fail-
ures, independent of temperature, dominated the AE’s failure
type of all samples.

The polar coordinate histogram of microcracks distribu-
tion after loading is shown in Fig. 13. The length of each
bin represents the number of microcracks within the angle
range defined by the bin. The orientation of the microcracks
is mainly parallel to the direction of the vertical stress, since
the bond in the loading direction is prone to failure under
load, which leads to the microcracks forming and expanding
easily in the vertical loading direction [67]. Below 400 °C,
the microcracks form primarily in the 90 © direction. With
the increase in temperature, the distribution of the crack is
dispersed from 90 © to 180 © and O °. This result indicates that
in the vertical loading direction, the tendency of the sample
expansion increases, and the bearing capacity decreases.

4.2.2 Evolution of AE events at 100 °C and 800 °C under
different stress levels

Analyzing AE event distribution and failure sources during
loading allows for a quantitative investigation of the failure
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Fig. 11 The distribution of AE events of thermally treated specimens after loading. Each circle represents an AE event and the radius represents
the AE magnitude; the tensile, compaction and shear failures are indicated by cyan, blue and red circles. (Color figure online)

mechanism of thermally treated specimens. The stress—strain
curve and AE magnitude of the 100 °C treated after load-
ing are shown in Fig. 14. The six points (a, b, ¢, d, e, f) on
the stress—strain curve represent different stress levels, cor-
responding to the 80% before the peak (Pre-peak 80%), 90%
before the peak (Pre-peak 90%), at the peak, 90% after the
peak (Post-peak 90%), 80% after the peak (Post-peak 80%),
70% after the peak (Post-peak 70%), respectively. In the Pre-
peak stage, most AE events have magnitudes ranging from
—5.0t0 5.6 (with a maximum value of — 5.0) and have fewer
AE events. After the peak, while magnitudes are primarily

@ Springer

between — 4.5 and 5.8, the number of AE events increased
rapidly, resulting in many high magnitude occurrences (with
a maximum magnitude value —4.5).

The proportion of AE source type at different stress levels
is summarized in Fig.15. Before the peak point, the pro-
portion of tensile failure increased with increasing stress,
while the proportion of shear and compaction failure gradu-
ally decreased. However, the evolution trend of the AE failure
source is the opposite after the peak.

The specimen failure produced many microcracks from
the peak point to the post-peak 90%. The macrotensile fail-
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Fig. 12 The proportion of AE failure sources for different tempera-
ture treated specimens after loading. (The yellow, blue and red color
for tensile, shear and compaction failures, respectively). (Color figure
online)

ure gradually develops from post-peak 90% to post-peak
80% to cause particle instability around the fracture. The
rate of microcrack growth remained rapid and the tensile
failure source increased by 6.53% in this stage. In the stage
between post-peak 80% and post-peak 70%, the microcracks
are fully developed, and the increasing rate slows down.
The slip dislocation and friction from macrofractures are the
main causes of small magnitude events (minimum magnitude
value — 5.8), and the proportion of shear and compaction fail-
ures also increased.

Figure 16 shows the distribution of AE events correspond-
ing to each point in Fig. 14. In the pre-peak stage, a few AE
events are scattered in the specimen and caused by the clo-
sure and friction of microcracks. These AE events, which
are mostly composed of a single crack, indicate that there is
no structural damage in the sample. The number and mag-
nitude of AE events increased dramatically from peak to
post-peak 90%, and several events overlapped. The occur-
rence of these AE events can be seen as a precursor of sample
failure.

Some independent microcracks are randomly generated
and then generated AE events at the peak point (point ¢) and
Pre-peak stages (at points a and b). In these stages, most
AE events are composed of a series of independent micro-
cracks, and only a few AE events contain multiple. As the
load increased, the number of AE events erupted before and
after the peak point, much energy is consumed during the
microcrack penetration and macrofracture formation. Thus,
a series of high magnitude AE events are generated (with a
maximum magnitude value —4.5).

The microcracks merged to form macrofractures and
propagated from post-peak 90% to post-peak 80%. The
degree of particle friction and slip on both sides of the
fracture surface increased, and the number of AE events
grow explosively. The old and new cracks connect, which
eventually causes the rock failure. The magnitude of AE
events has increased, indicating that frequent interaction
between cracks and accompanied by the release of a large
amount of energy. The AE events in the macrofracture
zone are primarily of moderate intensity (magnitude — 5.2
to —4.7), and the specimen eventually destroys along this
path.

Figure 17 shows the stress—strain curve and AE mag-
nitude of the 800 °C treated sample after loading. The
AE events developed earlier in the 800 °C treated speci-
mens than in the 100 °C, with magnitudes ranging from
—5.6 to 5.1 and remaining stable throughout the load-
ing period. The high temperature severely damages the
internal structure of the specimen, and even with a minor
external load, the sample can form microcracks, which
in turn generate AE events, causing the events to occur
early. During the compression, it is not easy to accumulate
energy in the sample, so no high magnitude events are pro-
duced.

Figure 18 shows the distribution of AE failure sources at
different stress levels. The tensile failure sources increase
while shear failures decrease at the pre-peak stage, and the
post-peak trends are the opposite. Tensile failure sources are
reduced by 5.35% from Pre-peak 90% to Post-peak 70%, but
shear and compaction failure sources increased by 4.29%
and 1.07%, respectively. Tensile failure sources, on the other
hand, constantly dominated.

Thermal damage increases specimen flaws at 800 °C,
which can easily connect between microcracks under load
and generate macro fractures. The 100 °C heat hardly
changed the internal structure of the sample; the particles
are always under compression before the damage. There
is frequent inter-sliding and compression activity between
particles, and the microcracks are interconnected but not pen-
etrating. Thus, the 800 °C treated specimens had a lower
proportion of shear and compaction failure sources than 100
°C.

Figure 19 shows the distribution of AE events correspond-
ing to the six different stress levels in Fig. 17. Overall, the AE
magnitude in the 800 °C treated specimens are smaller than
in the 100 °C (Reflected in the radius of the circle). This also
reflects the thermal damage to the mechanical characteristics
of the specimen from the side. There are no large magnitude
AE events formed before and after the peak, which is also
different from the 100 °C thermally treated specimen.

The AE events are randomly distributed in each part of
the specimen, and there is essentially no interaction. All AE
events consist of a single microcrack, and the magnitude dis-
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Fig. 13 The orientation distribution of microcracks in the specimen after loading. The color of the bin represents the number of microcracks, with
blue and red representing the maximum and minimum values, respectively. (Color figure online)

tribution between ranging from — 5.1 to 5.6. When the load
reaches the post-peak 90%, the cracks display a clustering
and nucleation trend. However, unlike at 100 °C, the microc-
racks do not have a clear direction of expansion and continue
to be formed randomly in the areas that have the most severe
thermal damage. At post-peak 70%, there is no macrofrac-
ture formed, and the microcracks are always without a fixed
direction of expansion. The high temperature-treated speci-
mens are more prone to microcracking under external forces
and have a more similar AE magnitude distribution through-
out the loading process.

@ Springer

4.2.3 Effect of temperature on the frequency and
magnitude of AE events

A bonded broken may represent an AE event, and the rupture
of multiple bonds may also constitute an AE event. However,
the magnitudes that constitute the two types of AE events
mentioned above are different. The number of microcracks
contained in a single AE event is proportional to its magni-
tude. Investigating the relationship between the number of
AE events and magnitude will contribute to a deeper under-
standing of the AE characteristics of the samples.
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Fig. 14 The stress—strain curve of specimen after treatment at 100 °C.
Each solid circle represents an AE event and the right axis shows its
magnitude; the six points (a, b, c, d, e and f) represent 80% before
the peak (68.70 MPa), 90% before the peak (77.29 MPa), peak (85.88
MPa), 90% after the peak (77.29 MPa) and 80% after the peak (68.70
MPa) on the curve are captured to investigate the microcrack initiation
and propagation.

Fig. 16 The distribution of AE
events at different stress levels
in specimen treated at 100 °C,
corresponding to six points (a, b,
¢, d, e and f) in Fig. 14. (Each
circle represents an AE event
and the radius represents the AE
magnitude)

(a) Pre-Peak 80%

(d) Post-Peak 90%

Pre-80% Pre-90% Peak Post-90% Post-80% Post-70%
Stress level

Fig. 15 The proportion of AE failure sources for specimens after 100
°C treatment at different stress levels. (The yellow, blue, and red color
for tensile, shear and compaction failures, respectively). (Color figure
online)

(b) Pre-Peak 90% (c) Peak
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(e) Post-Peak 80% (f) Post-Peak 70%
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The relationship between the cumulative number of AE
events, AE frequency and AE magnitude is shown in Fig. 20.
The AE magnitude is mainly distributed between — 5.5 and
5.2, the frequency of AE events gradually decreases when the
magnitude is greater or less than this range. The temperatures
have obvious effect on the frequency—magnitude distribu-
tion. For example, at the 25 °C (Fig.20a), the frequencies
of magnitude between —5.5 and 5.2 is 766, accounting for
61% of total AE events. The proportions of frequencies of
magnitudes between — 5.5 and 5.2 corresponding to the tem-
peratures of 100-1000 °C are 68%, 76%, 77%, 79%, 88%
and 91%, respectively. This proportion increases as temper-
ature increases, indicating that the magnitude range of AE
events decreases as temperature increases.

Some researchers have demonstrated that AE events’
cumulative number and magnitude follow a power-law dis-
tribution [68], the AE magnitude and frequency follow the
normal distribution. In 1941, Gutenberg and Richter put
forward the famous G-R formula between earthquake magni-
tude and frequency, it can be used to study the AE magnitude:

LogN =a — bM (12)

where N is the cumulative number of AE events with mag-
nitudes greater than N and a, b are constants. This relation
is widely used to investigate the relationship between b val-
ues and crack growth. The constant a represents the average
level of activity in the local area studied. b value is an essen-
tial parameter in AE research, it represents the frequency of
small magnitude events compared to large magnitude of the
rock failure process. (The b value is inversely proportional to
the number of large magnitude events. The large magnitude
indicates that the energy released by the AE event is large
and the more microcracks it contains.) The change of b value
is one of the crucial precursors of rock failure.

The b value can be calculated by fitting the number of
AE events with magnitudes ranging from —5.75 to — 5.0 in
Fig.20. The relationship between the b value and tempera-
tures is shown in Fig.21. The b value changes slightly from
25 °C to 200 °C and increases by about 0.41. It increased by
about 91% in an approximately linear trend from 400 °C to
1000 °C, with a maximum value of 5.96. The high tempera-
ture causes significant structural damage to the specimen and
increases internal defects, coupled with the phase change of
quartz at 573 °C. The microcracks are easily generated when
subjected to external load. The AE events are mainly com-
posed of a single microcrack, and their intensity varies little,
so the b values tend to increase linearly.

Figure 22 shows the relationship between the AE mag-
nitude and the cumulative number of events at different
temperatures after loading. The maximum magnitude of
AE events is observed to decrease with increasing temper-
ature, with a maximum magnitude value of —4.45 at 25
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Fig. 17 The stress—strain curve of specimen after treatment at 800 °C.
Each solid circle represents an AE event and the right axis shows its
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Fig. 18 The proportion of AE failure sources for specimens after 800
°C treatment at different stress levels. (The yellow, blue and red color
for tensile, shear and compaction failures, respectively). (Color figure
online)

°C and —5.15 at 1000 °C, a decrease of 15.7%. However,
the minimum magnitude values do not change significantly.
Furthermore, the cumulative number of AE events did not
vary markedly over the range 25-400 °C. The number of AE
events decreased by 59% from 400 °C to 800 °C and 61%
from 800 °C to 1000 °C. The number and magnitude of AE
events both decrease dramatically with increasing tempera-
ture.

Falls [69] performed a uniaxial compression test on Lac
du Bonnet granite at room temperature, and the result indi-
cated the b value distribution ranging from 1.3 to 2.3. The b
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Fig. 19 The distribution of AE
events at different stress levels
in specimen treated at 800 °C,
corresponding to six points (a, b,
¢, d, e and f) in Fig. 17. (Each
circle represents an AE event
and the radius represents the AE
magnitude)

(a) Pre-Peak 80%

(d) Post-Peak 90%

value obtained by numerical is distributed between 1.89 and
2.3 at 25-200 °C, which is consistent with the experimental
results. This also demonstrates that numerical simulations
can accurately reflect the AE information during rock failure
and can obtain small magnitude events that are not captured
in the laboratory [70]. Furthermore, some studies have shown
that up to 90% of tensile failure source cannot be captured in
the laboratory. In contrast, AE simulations allow us to exam-
ine all the damage mechanisms involved in the failure of the
rock and provide a new approach to the deeper investigation
of rock damage mechanisms [22].

The relationship between the AE frequency and the crack
number is shown in Fig. 23. The AE frequency decays expo-
nentially as the number of microcracks in a single AE event
increase. There are 774 AE events composed of a single
microcrack at 25 °C, accounting for 66.11% of all events.
The number of AE events with 1-5 microcracks accounts
for 97% of the total events. The proportion of AE events
containing a single microcrack is 67.4%, 67.1%, 76.9%,
95.3%, 86.4% and 92.1% in the range of 100-1000 °C, this

(b) Pre-Peak 90%

(e) Post-Peak 80% (f) Post-Peak 70%

indicates that most AE events consist of a single microc-
rack.

From 25 °C to 1000 °C, the number of AE events con-
taining 6-10 microcracks is 43, 35, 39, 13, 3, 0 and O,
exhibiting a decreasing trend with increasing temperature,
accounting for 0.04%, 0.03%, 0.02%, 0.01%, 0.005%, 0%
and 0% of the total events, respectively. These findings con-
firmed the previous conclusions about the b value: the number
of AE events with multiple microcracks decreased signifi-
cantly with increasing temperature, while the number of AE
events with a single microcrack increased.

5 Conclusion

In this paper, the mechanism of microcrack generation in
granite after thermal treatment is studied using DEM, and
thermal stress development is analyzed. After that, the evo-
lution of AE failure sources is examined using the moment
tensor inversion results. The numerical results agree well
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Fig.20 The cumulative of AE
event, AE frequency and AE
magnitudes at different
temperatures of the specimen;
the frequency and magnitude of
AE events follows a normal
distribution; b value is obtained
by fitting the slope of the line
with magnitude at —5.75~—5.0
with 1.89, 2.27, 2.30, 3.12, 4.97,
5.10, 5.96, respectively,
corresponding to temperatures
of 25 °C, 100 °C, 200 °C, 400
°C, 600 °C, 800 °C and 1000
°C, respectively
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with the experiment, and main conclusions of this study are
as follows:

(D

2

3)

4)

There is a relationship between the microcracks and tem-
perature, and the process of evolution can be divided into
three stages. Within 200 °C, there are no microcracks.
The growth rate of microcracks reaches a peak between
400 °C and 600 °C due to the phase transition of quartz.
Thermal stress causes thermal damage and more micro-
cracks inside the sample above 600 °C, aggravating the
deterioration of the mechanical properties. The primary
form of thermally induced cracks is intergranular cracks.
Tensile failure increases and then decreases with tem-
perature, peaking at 600 °C and accounting for 81%
of total events. Shear and compaction failure show a
temperature-dependent trend of decreasing and then
increasing. The AE events in the damage process of all
specimens are dominated by tensile failure sources and
independent of temperature.

The frequency and magnitude of AE events have a
normal distribution, while the cumulative number and
magnitude of AE events have a power-law distribution.
Temperature has a clear effect on the magnitude distri-
bution of thermally treated samples, the AE maximum
magnitude value decreases as temperature increases.
The b value increases with temperature, indicating that
the number of AE events with multiple microcracks
decreases with increasing temperature. As the number of
microcracks in a single AE event increases, the AE fre-
quency decays exponentially, and most AE events have
1-5 microcracks.
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Fig.23 The AE frequency
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