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Highlights:

1.

2.

3.

The mechanical properties and fracture behavior of semi-circular bend samples after high
temperature treatment were experimental investigated by three-point bending tests under mixed
mode I/II loading.

The characteristics of fracture process zone and crack tip opening displacement for pre-heated
rocks were determined by digital image correlation technique.

Both scanning electron microscopy and polarization microscopy images of fracture morphology

reveal the changes in the microstructure of rocks under different temperatures.
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Abstract:

A comprehensive understanding of the fracture behavior of pre-heated rocks subjected to mixed
mode /Il loading is crucial for deep underground engineering. The effect of high temperature on the
fracture process zone (FPZ) and fracture toughness of rocks was experimental investigated using
semi-circular bend (SCB) samples. Surface displacement and associated strain field under loading
was captured using digital image correlation. The results showed that a gradual decrease in the
mechanical properties of SCB samples with increasing temperature. Rocks treated with temperature
above 600 °C showed a significant reduction in peak load, generalized stiffness, fracture toughness,
and absorbed energy. Moreover, the load-displacement curves and macroscopic fracture
characteristics of pre-heated SCB samples exhibited a transition from brittleness to ductility with the
increasing temperature under mixed mode I/II loading. Both the FPZ length, width, and the crack tip
opening displacement, increased with temperature increase. At lower temperatures (25~400 °C), the
ratio of FPZ length to width remains around 2~3, and when the temperature is higher (600~1000 °C),
this value increases to 3~4. The initiation of thermally induced cracks in rocks will intensify the
damage evolution of rocks under mixed mode I/II loading, as evidenced by the development of the
maximum principal strain with displacement. Scanning electron microscopy and polarization
microscopy images of microscopic fracture morphology of the pre-heated rocks depicted isolated and
dispersed microcracks at lower temperatures, and microcrack networks and broken grains at higher
temperatures.

Keywords: High temperature treatment; Digital image correlation; Mixed mode I/Il loading;

Fracture process zone; Fracture toughness.
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1. Introduction

The advancement of sustainable energy has led to an increase in deep underground rock
engineering activities, including geothermal exploration from hot dry rock, petroleum and natural gas
extraction, and disposal of radioactive nuclear waste [1], [2], [3]. With increasing burial depth, rocks
are subjected to higher ground temperatures at a thermal gradient of approximately 0.3 to 0.4 °C/km
[4], [5]. For example, bedrocks in underground chambers for nuclear waste disposal may experience
temperatures ranging from 100 to 300 °C, with the possibility of further increases during the storage
stage [6]. Similarly, the exploration of hot dry rock resources involves temperatures ranging from 150
to 650 °C [1]. Consequently, temperature is a key rule controlling the mechanical properties and
fracture behavior of rocks [7]. Moreover, pre-existing microcracks in rocks are susceptible to
initiation, propagation, and coalescence under high temperatures, leading to a significant degradation
in the bearing capacity of rocks. Therefore, a comprehensive understanding of the effect of
temperature on the mechanical properties and fracture behavior of rocks is essential for structural and
support design in deep underground rock engineering.

Rock fracture toughness is a fundamental parameter in rock mechanics, quantitatively assessing
the ability of rocks to resist original crack extension under different loading conditions. It can be
categorized into the in-plane tensile mode (mode I), the in-plane shear mode (mode II), the
out-of-plane shear mode (mode III), and their mixed modes (e.g., mixed mode I/II). In order to
determine the fracture toughness of rocks in laboratory, different methods were suggested, such as the
cracked chevron notched Brazilian disk (CCNBD) method [8] and the semi-circular bend (SCB)
method [9]. Many studies have investigated the effect of temperature treatment on mode I fracture
toughness of rocks using these methods, revealing a significant reduction in mode I fracture
toughness with increasing temperature, particularly above 400 °C [10], [11], [12]. However, some
experimental results suggesting a higher temperature threshold of 500~600 °C due to quartz phase
transformation [13], [14]. Therefore, the relationship between temperature and fracture toughness is
complex, influenced by factors like mineralogical composition, measurement method, loading rate,
and sample dimension.

Rock masses often experience complex loading conditions due to random flaw distributions in

deep underground rock engineering, the failure of rocks often appears as mixed modes rather than
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pure mode I or mode II failures. Hence, studying rock fracture behaviors under mixed mode loading
is important. In practice, the mixed mode fracture toughness also changes with temperature, and their
relationship is nonlinear and complex [15], [16], [17], [18], [19], [20]. For example, the mixed mode
I/IT fracture toughness of Kimachi sandstone decreased from room temperature to 75 °C and then
increased with temperature between 100 and 200 °C [15]. The mixed mode I/II fracture toughness of
sandstone collected from China grew slowly from 20 to 100 °C and reduced gently at 500 °C and then
it dropped rapidly between 500 and 600 °C [16]. The aforementioned works primarily focused on the
analysis of fracture toughness and macroscopic failure patterns of rocks under mixed mode loading.
However, it lacked sufficient analysis of the microcrack behavior of rocks.

The microcracking behavior of rocks under different conditions remains critical for deep
underground engineering stability. The technique of digital image correlation (DIC), which is an
experimental approach based on tracking the deformation of the rock surface in real-time, has been
used to quantitatively investigate the microcracking behavior of rocks [6], [21], [22]. Due to its
comprehensive coverage and high precision, this method can be effectively employed to accurately
characterize the processes of crack propagation [23]. Moreover, DIC presents notable advantages
compared to acoustic emission (AE) for crack length measurement due to its capability to quantify
crack length based on full-field strain measurements. Accordingly, it is efficient to investigate the
microcrack initiation and propagation mechanism of SCB samples under different conditions by DIC
technique [24], [25], [26], [27], [28]. The development of the fracture process zone (FPZ) is
mechanistically linked to the damage and failure of quasi-brittle materials, with real-time monitoring
of FPZ development crucial for accurate prediction of rock failure [25], [29]. The FPZ is commonly
considered as a transition zone from the tip of a propagating macrocrack which has strong
discontinuity to the remote region which is assumed to be continuous in micro-scale [30]. DIC results
have shown that the crack opening mode of the SCB sandstone samples collected from Chengdu has
experienced three stages of slow, linear, and accelerated growth under mode I loading at room
temperature [24]. Moreover, the shape of the FPZ of the SCB sample under mode I loading is
influenced not only by sample size [24] but also by the temperature conditions [31], [32]. Generally,
the length and width of FPZ increase with temperature under mode I loading, while the stress state for
microcrack initiation decreases in higher temperature rock samples [32]. Furthermore, the fracture

toughness under mode I loading of granite specimens subjected to lower temperatures (e.g.,
5
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25~400 °C) is notably influenced by the presence of FPZ [31].

The attention to FPZ development and associated microcracking behavior in rocks under mixed
fracture modes, especially in those subjected to high temperatures, remains insufficient. Most
research primarily focuses on FPZ and microcracking behavior in rocks at room temperature under
mixed mode loading [33], [34], [35], [36], [37]. Experimental findings suggest that SCB samples can
generate mixed mode I/II fractures due to dislocations on the sides of fracture faces [36]. Moreover,
sample fractures tend to transition into pure mode I with the extension of microcracks despite initial
loading in mixed mode I/II conditions [34]. However, thermally induced cracks in pre-heated SCB
samples can influence FPZ development under mixed mode loading conditions, which is notably
significant and non-constant [38]. For example, thermally induced cracks may connect, aggregate,
and expand around the pre-existing notch tip, ultimately increasing FPZ length, as verified by DIC
technique [39]. Thus, DIC technique effectively characterizes FPZ development in rocks during the
entire loading process at different temperatures. Nevertheless, the relationship between temperature
and FPZ parameters (e.g., width and length) is complex and potentially nonlinear [38]. The evolution
of FPZ in rocks after high-temperature treatment has undergone significant changes compared with
rocks at room temperature, which deserves further comprehensive study. Specifically, the underlying
mechanism of temperature on FPZ development under mixed mode loading remains unclear, with
difficulties persisting in understanding fracture behavior of pre-heated rocks in various environments.

To deepen the understanding of the mixed mode I/II fracture characteristics of rocks after
high-temperature treatment, three-point bending tests were conducted on pre-heated SCB samples.
The mixed mode I/II loadings were achieved by adjusting the inclination angle of the sample notch
within six distinct temperature groups (25, 200, 400, 600, 800, and 1000 °C). The DIC method
quantitatively analyzed FPZ evolution during the experiment. Key fracture parameters of pre-heated
rock samples such as fracture toughness, absorbed energy, and crack tip opening displacement
(CTOD) were thoroughly investigated and compared. Finally, to conduct an in-depth analysis of the
impact of temperature on the evolution of the FPZ under mixed mode I/II loading, scanning electron
microscopy (SEM) and polarization microscopy were employed to observe the micromorphology

features of fracture surfaces under elevated temperatures.



128 2. Experimental methodology

129  2.1. Rock material and specimen preparation

130 The rocks investigated in this work were sourced from Shandong Peninsula in China and it
131  exhibits a black-gray color at room temperature. X-ray diffraction (XRD) analysis and mineral
132 content of the rocks are shown in Figs. 1a and 1b, respectively. The rock consists of 83.4% albite, 7.9%
133 biotite, 3.9% quartz, 3.3% microcline, and 1.5% hornblende (Fig. 1b). The rock is classified as
134 fine-grained rock with a holocrystalline texture. To mitigate the potential impact of varying specimen
135  properties on the experiment, SCB samples for this work were extracted from a uniform large rock
136  block. The preparation involved initial creation of cylinder samples, 84.0 mm in diameter and 100.0
137  mm in height, subsequently fashioned into discs with 84.0 mm diameter and 33.6 mm height using a
138  cutting machine. Following, they were shaped into SCB samples conforming to International Society
139  of Rock Mechanics standards [9]. SCB sample geometry employed in this work aligns with the
140  specifications detailed by Guo and Wong [40]. A straight notch, measuring 21.0 mm in length and 0.7
141  mm in width, is then introduced to the cut, originating from the center of semi-circular disc. As shown
142 in Fig. Ic, the inclination angle f of the notch of the SCB sample used in this work was 30 © for mixed
143 mode /Il loading, which is different from Guo and Wong [40].

144 This work investigated the influence of temperature with six temperature groups (25, 200, 400,
145 600, 800 and 1000 °C). To minimize additional heat-induced damage to the SCB samples during the
146  heating process, a slow heating rate of 5 °C per minute was applied (Fig. 1d). Once the temperature
147  reached the predetermined value, the SCB samples were subjected to a 4 hours insulation period
148  before cooling to room temperature at the same rate (5 °C/minute). High-temperature treatment was
149  administered using a box-type muffle furnace capable of attaining a maximum temperature of

150 1200 °C, as depicted in Fig. le.
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Fig. 1 Mineralogical composition of rock material and experimental study: a X-ray diffraction
analysis for the rock material; b proportion of mineral components; ¢ geometry of semi-circular
bending sample; d heating and cooling paths of SCB samples; e muffle furnace; f experimental
equipments; g rock sample undr three-point bending loading; h image acquisition system; i Thermo

Scientific Scios 2 scanning electron microscopy.
2.2. Semi-circular bending (SCB) test

The pre-heated SCB samples were subjected to three-point bending loading on a universal testing
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machine equipped with a high-speed photographic system (Fig. 1f), which are sourced from the
School of Materials Science and Engineering in Zhejiang University. In this experimental
arrangement, three small steel rollers were employed for loading the samples (Fig. 1g). The upper
steel roller was positioned centrally on the SCB sample, while two lower support steel rollers were
symmetrically placed at a span distance of 50 mm (Fig. 1c). A pre-loading of approximately 10 N was
applied to stabilize the SCB samples, after which the displacement control mode was initiated at a
rate of 0.02 mm/min. The loading system simultaneously monitored the load and displacement of
specimens in real time. Upon specimen failure, the testing system promptly ceased loading and
recording.

In this work, the equation proposed by the International Society of Rock Mechanics was used to
calculate the fracture toughness of pre-heated rocks under mixed mode I/II loading. The critical stress

intensity factors can be delineated as follows [41]:

P

K =-—m [rqY 1

' 2RB ! M
})max

K, = > JrzaY, (2)

where Kj and K1 are mode [ and mode II fracture toughness, respectively; Pmax is the peak load during
the three-point bending test. R and B are the radius and thickness of SCB sample, respectively. The
length of notch is a leading from the center of SCB sample. The stress intensity factors Y1 and Y1 are
dimensionless parameters that depend on the sample geometry and loading conditions. In this work,
according to the results reported by Ayatollahi and Aliha [41] and Lim et al. [42], the values of ¥1 and
Yu are approximately 2.2390 and 1.3250, respectively.

To further reveal the fracture mechanical characteristics of rocks under mixed mode I/II loading,

the effective fracture toughness Kefr is defined as follows [41]:

Ko =K+ K 3)

The high-speed photographic system (Fig. 1f) comprises a LaVision Imager E-lite high-speed
camera, along with a light source and an image acquisition system (Fig. 1h). This high-speed camera,
equipped with a charge-coupled device (CCD) boasting a resolution of 1055 x 797 pixels, captured a
series of images at a rate of six frames per second. At the onset of the experiments, both the loading
and photographic systems were synchronized to commence simultaneously, thereby enabling the

real-time recording of mechanical properties and fracture behavior of SCB samples during the mixed
9
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mode I/II loading process.

The Thermo Scientific Scios 2 scanning electron microscopy (Fig. 11) was utilized to examine
the micromorphology features of fracture surfaces of thermally treated SCB samples. The specimens
prepared for SEM analysis was coin-shaped, with a diameter of 2.5 mm and a height of 0.5 mm.
Additionally, the Leica DM750P polarization microscopy was utilized to investigate the microcrack

distribution of specimens after high-temperature treatment.
2.3. Digital image correlation (DIC) technique

The DIC method relies on a unique random texture, represented by speckle patterns on the rock
surface. These patterns adhere to the surface of sample and deform along with it during conventional
DIC tests [38], [39], ensuring no loss of correlation even under significant deformation. While a
manually crafted speckle pattern is typically preferred for optimal accuracy, certain natural materials
like wood, rock, sand, and gravel may naturally exhibit distinct inherent speckle patterns [43], [44],
[45]. The latter was observed in the case of the fine-grained rock analyzed in this study. As depicted in
Fig. 1a, the photograph of rock surface illustrates the natural speckle pattern resulting from the varied
minerals in the rock sample. This pattern is characterized by high contrast, indicating a random
orientation and a sufficiently large grey spectrum for precise high-strain resolution, as corroborated
by the displacement and strain fields obtained through DIC analysis.

The essential principle underlying the DIC technique involves obtaining comprehensive
displacement and strain data by analyzing digital images before and after deformation through
correlation algorithms. In Fig. 2a, a defined region of interest (ROI) measuring 20 mm in width and
20 mm in height is illustrated. As the SCB specimens were subjected to mixed mode I/II loading
conditions, the midpoint of the lower boundary of the ROI and the notch endpoint were not aligned
(Fig. 2a). This contrasts with the conventional positioning of the ROI when the SCB specimen
subjected to mode I loading conditions [46]. Using a high-speed camera, digital images of the rock
surface were obtained during the full loading process. The pre-loading image serves as the reference
image, while the image captured during loading represents the deformed state (Fig. 2b). Subsequently,
these images are subdivided into numerous subsets (Fig. 2c). As shown in Fig. 2d, a square reference
subset centered at point P (xo, )o0) is selected from the reference image and used to track its

corresponding position P' (xo', yo') in the deformed image. The deformed displacement components

10



217  (Fig. 2e) are obtained by [21]:

218 x;_xi:”0+Z_z(xi_xo)+g_ji(yi_y0) @
219 ¥ =0+ 2 =3, ) + 2 (- ) ©®)
i i 0 6x i 0 ay 4 0

220  where x;, yi, x|, and y are the coordinate component of points shown in Fig. 2d; uo and vo are the

221  displacement component of the reference subset center in horizontal and vertical directions; Z—u , Z—u ,
x oy
222 ? , and ? are the first-order displacement gradient of the reference subset.
X Y
223 The strain components (Fig. 2f) in horizontal and vertical directions can be calculated by:
_ , -
224 gxx:l 28—u+ ou + o (6)
2| ox \ox ox
il ov (auY (ovY]
225 e =22 | X & (7)
P20 oy \oy oy
226 where ¢ and &, are the strain components of subset in x and y directions.
227 The maximum principal strain is defined as the strain occurring in the direction towards the

228  greater deformation [47]. When the SCB specimen is subjected to mixed mode I/II loading, analyzing

229  the changes in the maximum principal strain field is more insightful for revealing the fracture

230 behavior of rocks compared to solely analyzing the strain component in the x direction (& ) [34], [48].

231  Therefore, only the results of the maximum principal strain of ROI are presented (e.g., Fig. 2f). In this
232 study, a commercial software package (DaVis 8.3.0 from LaVision) was utilized to scrutinize the
233 displacement and strain fields of the ROI during the loading process. It is imperative to calibrate the
234 collected digital images to establish their correspondence with the actual SCB sample before
235  conducting the calculations. The calculation parameters during image post-processing are listed as
236  follows: subset: 23, step: 5, subset weights: Gaussian weights, correlation criterion: normalized

237  squared differences.
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3. Results

3.1. Effect of temperature on the mechanical properties

The load-displacement curves of SCB samples after various high temperature treatments
subjected to mixed mode /I loading are shown in Fig. 3a. At room temperature, untreated SCB
samples exhibit obvious brittleness characteristics (Fig. 3a). An initial nonlinear stage is nearly absent,
signifying a linear increase in load with displacement until reaching a peak value, followed by a rapid
drop, indicating instantaneous loss of bearing capacity and high brittleness. Therefore, the SCB
sample at room temperature under mixed mode I/II loading shows a typical load-displacement curve
of brittle rock. However, different mechanical behavior is observed when rocks subjected to different
high-temperature treatments. From the perspective of macroscopic mechanical properties, both peak
load (Fig. 3b) and generalized stiffness (Fig. 3¢) decrease gradually with increasing temperature.
Consequently, effective fracture toughness (Fig. 3d) of SCB specimens diminishes progressively. For
example, when the treatment temperature is increased from 200 to 1000 °C, the effective fracture
toughness of SCB samples decreased from 1.085 MPa-m'? to 0.254 MPa-m'?, a decrease of 76.6%.
Moreover, within a 200 °C temperature interval, the most pronounced decline in effective fracture
toughness occurs between 400 and 600 °C. Its value decreased from 1.011 MPa-m'? to 0.554
MPa-m'?, a decrease of 45.2%. This trend is also evident in the load-displacement curve. At lower
temperatures (25~400 °C), the load-displacement curves exhibit brittle behavior, with proximately
linear and elastic pre-peak stages (Fig. 3a). Conversely, at higher temperatures (600~1000 °C), the

load-displacement curves show ductile behavior, characterized by a distinct initial nonlinear stage,
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pre-peak hardening stage, and post-peak softening stage (Fig. 3a). While the generalized stiftness
remains nearly constant within the 25~400 °C range, it gradually decreases within the 600~1000 °C
range (Fig. 3c). This temperature-induced brittle-ductile transition induces significant alterations in
the mechanical properties of SCB specimens within the temperature range 400~600 °C. This
transition observed in this work is consistent with other experimental results [17], [48], [49], [50].
Especially this temperature range (400~600 °C) also has a significant weakening effect on the
effective fracture toughness of rocks, which is an important parameter for the design of deep

underground rock engineering.
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Fig. 3 Mechanical and energy properties of pre-heated SCB samples: a load-displacement curves; b
peak load; ¢ generalized stiffness; d fracture toughness; e absorbed energy of SCB samples; f the
relationship between absorbed energy and effective fracture toughness.

The damage and microcrack behavior of rocks are accompanied by the absorption, accumulation,
and dissipation of energy. Analyzing the energy evolution provides a more comprehensive
description of rock mechanical behavior. During the three-point bending test, the SCB sample
absorbs energy with increasing load and releases energy upon microcrack initiation and propagation.
The area integration method [32], [51] is employed to compute the absorbed energy throughout the
mixed mode I/II loading process in this work, utilizing the load-displacement curve of the SCB
sample. The absorbed energy before the peak load E), is calculated as [32]:

E, = jo" pdd, (8)
where d, is the displacement corresponding to the peak load; p; is the load value corresponding to the
loading point i; d; is the displacement of loading point i.

The external load contributes energy to rock failure, which the rock stores as strain energy, while
crack propagation consumes this energy, leading to rock damage. The absorbed energy of rocks at
different temperatures prior to the peak load during mixed mode I/l loading is shown in Fig. 3e. From
an energy point of view, the absorption energy decreases gradually with increasing temperatures.
High temperature treatment can cause increased rock original damage before loading tests, and
requiring a relatively small amount of energy to propagate microcracks. Under high thermal stress
levels, the microstructure of SCB sample gradually loosens, making it easier to form connections
between microcracks, which results in a steady decrease in fracture toughness until the brittle-ductile
transition is achieved, resulting in failure of the specimen [52], [53]. As shown in Fig. 3f, there exists
an almost linear relationship between absorbed energy and fracture toughness of the SCB sample.
Higher fracture toughness necessitates greater absorbed energy for rock breakage. This observation is
rationalized by the generation of more thermally induced cracks at higher treatment temperatures [54],
leading to reduced energy requirements for crack propagation during mixed mode I/II loading. The
findings presented in Figs. 3e and 3f underscore a significant correlation between temperature,
fracture energy, and fracture toughness, offering valuable insights for the design of deep underground

rock engineering. This conclusion aligns well with the experimental results of Feng et al. [51] and
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Chen et al. [32], both of whom concluded that the absorption energy of rocks decreases with

increased initial thermally induced damage.
3.2. Effect of temperature on the macroscopic fracture characteristics

High-temperature treatment induces notable alterations in both the mechanical properties of SCB
specimens (Fig. 3) and the macroscopic fracture characteristics under mixed mode I/II loading
conditions. As shown in Fig. 4, at lower temperatures (25~600 °C), the macroscopic fracture
progresses from the notch tip to the applied load point between the loading roller and the SCB
specimens (Figs. 4a~4d). But at higher temperatures (800~1000 °C), the macroscopic fracture only
extends to the upper part of the specimen before terminating (Figs. 4e~4f). This transformation seems
to be attributed to the enhanced ductility of the rock after high-temperature treatment, resulting in a
reduced crack propagation speed. The experimental results of Alneasan and Alzo’ubi [20] indicated
that under mixed mode I/II loading, at a distance of 5 mm from the notch tip and § =30 °, the crack tip
speeds are approximately 100~170 m/s and 5~20 m/s at room temperature and 500 °C, respectively.
This highlights the significant reduction in crack propagation speed due to high-temperature
treatment, a phenomenon associated with the brittle-ductile transition of rocks and energy release
(Figs. 3 and 4). In the process of fracture, when the rock sample exhibits brittle behavior, the stored
energy is promptly discharged as fractures extend. In contrast, when the rock sample displays ductile
behavior, the energy is gradually released, leading to a slower rate of fracture propagation speed.
Therefore, in samples subjected to sufficiently high temperature treatments (e.g., 800 °C or 1000 °C),

macroscopic fracture fails to propagate fast enough to the boundary of sample when rocks failure.

(b) 200°C D (c) 400°C _

Fig. 4 Macroscopic fracture of SCB samples under different temperatures: a 25 °C; b 200 °C; ¢

400 °C; d 600 °C; e 800 °C; £ 1000 °C. The solid red lines are hand-drawn fractures.
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In the examined rock samples of this study, temperature variations appear to exert minimal
influence on the macroscopic fracture tortuosity of SCB specimens under mixed mode I/II loading
conditions. From a mechanical point of view, in the case of SCB specimens subjected to mixed mode
I/II loading (as illustrated in Fig. 1c), fracture propagation typically follows a nonlinear trajectory
from the notch tip to the applied load point, a phenomenon supported by numerous experimental
findings [16], [36], [48]. This nonlinear trajectory aligns with the path of maximum tangential stress
[55], thereby directing fracture growth along a specific route, resulting in comparable macroscopic
fracture tortuosity. However, due to the presence of thermally induced microcracks and rock
heterogeneity, including microstructural and mechanical heterogeneities, the fracture propagation
path may vary among different SCB samples under mixed mode I/II loading, resulting in subtle
distinctions in fracture tortuosity among samples treated at different temperatures. Typically,
significant deviations in this specific path occur only when the fracture encounters high-strength
grains, such as quartz, with extensive areas during propagation [56], [57]. However, the rocks
investigated in this study belong to fine-grained rocks, with albite comprising the predominant
content (83.4%), possessing lower strength compared to quartz [58], [59]. Hence, the likelihood of
substantial deviation in the specific path is relatively low. In summary, high-temperature treatment
impacts certain macroscopic fracture characteristics of SCB specimens under mixed mode I/II
loading, notably reducing crack propagation speed, but it has little effect on its geometric

characteristics like fracture tortuosity.
3.2. Effect of temperature on the development of fracture process zone (FPZ)

In the three-point bending test of the SCB specimen, a stress concentration zone above the notch
tip was identified, exhibiting nonlinear deformation under loading [25], [60]. Commonly referred to
as FPZ, this area represents a crucial fracture characteristic of rocks. To investigate the impact of high
temperature treatment on the development of FPZ, a DIC technique was used to record the deformed
images of SCB samples under mixed mode I/II loading condition. A specific region, referred to as the
ROI as depicted in Fig. 2a, was selected to obtain full-field displacement and maximum principal
strain results during mixed mode I/II loading using DIC analysis. Figures 5, 6 and 7 show the
horizontal displacement and maximum principal strain of ROI at different stages during the mixed

mode I/IT loading process for SCB samples treated at 200 °C, 600 °C and 1000 °C respectively. In
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order to enhance clarity in visualizing the progression of crack growth, a maximum principal strain
range of 0 to 0.01 was selected for all samples. This range effectively captures the strain fluctuations
and microcracking patterns in rocks prior to failure [48], [61]. The red zone in the maximum principal
strain contours indicates areas with elevated strain values, providing an approximate indication of the
direction of crack propagation (Figs. 5, 6 and 7).

A comprehensive comparison of Figs. 5, 6 and 7 reveals that SCB specimens treated at different
temperatures show different microcracking behavior, which indicates that temperature has an impact
on the fracture behavior at micro-scale under mixed mode I/II loading. Under pure mode I loading,
horizontal displacement exhibited symmetrical distribution concerning the vertical notch extension
direction of SCB samples [3], [26], [27], [32]. However, with the shift to mixed mode I/II loading, the
distribution of horizontal displacement altered, with the symmetry axis deflecting in alignment with
crack propagation direction. The displacement at the initial loading stage was related to the
microcrack initiation. For example, for the SCB specimen after 200 °C treatment, a localized strain
concentration near the notch tip was observed at load of 85% Pmax (Fig. 5¢). When the temperature
increases to 1000 °C, crack initiation occurs at load of 60% Pmax (Fig. 7¢). This shows that high
temperature treatment can reduce the crack initiation stress level of rocks, which is consistent with the
results of previous experimental results on rocks under uniaxial compression loading [62], [63].
Given the high temperature treatment, there is an increase in both the quantity and size of microcracks,
thereby facilitating the stages of crack initiation, propagation, and coalescence. This observation
aligns with previous findings by Eberhardt et al. [64], indicating a significant reduction in crack
initiation stress with heightened levels of sample damage.

With increasing load, the convergence of horizontal displacement contours becomes more
pronounced, indicating crack development (e.g., Fig. 6¢ and 7c), as evident in the distribution of
maximum principal strain (e.g., Fig. 6g and 7g). At 100% Pnmax, significant crack growth occurs on
SCB specimens (Figs. 5h, 6h and 7h). While macroscopic fracture analysis indicates minimal
temperature influence on specimen failure mode (Fig. 4), micro-scale crack features revealed by
maximum principal strain contours obtained by DIC analysis highlight the significant impact of high
temperature treatment on microcracking behavior of rocks. For example, as the temperature increases,
the microcrack morphology (red areas in Figs. 5h, 6h and 7h) changes significantly, with microcrack

size gradually increasing with elevated heating temperature. The length of crack at 1000 °C (Fig. 5h)
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significantly exceeds that observed at 200 °C (Fig. 7h), suggesting heightened rock damage due to
high temperature treatment. This phenomenon was also observed in the SCB specimens after high

temperature treatment under pure mode I loading [31], [32] and pure mode II loading [48].
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Fig. 5 Evolution of horizontal displacement and maximum principal strain contours of SCB samples
under different loading stages at 200 °C: a~b horizontal displacement; e~h maximum principal strain.

Pax represent the peak load.
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Fig. 6 Evolution of horizontal displacement and maximum principal strain contours of SCB samples
under different loading stages at 600 °C: a~b horizontal displacement; e~h maximum principal strain.

Prax represent the peak load.
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Fig. 7 Evolution of horizontal displacement and maximum principal strain contours of SCB samples
under different loading stages at 1000 °C: a~b horizontal displacement; e~h maximum principal
strain. Pmax represent the peak load.

The evolution of FPZ at the notch tip progresses with increasing load and plays a pivotal role in
the rock fracture mechanism. To quantitatively analyze the evolution of FPZ, a direct and accurate
method relies on assessing alterations in the displacement field surrounding the notch tip obtained by
DIC analysis [3], [26], [36], [38], [65]. The FPZ is considered fully developed at peak load, extending
from the notch tip to the point where displacement discontinuity occurs, identified by the merging of
displacement contours [66]. In contrast to pure mode I loading condition, the mixed mode I/II loading
reveals a notable angular deviation between the crack initiation position of the SCB specimen and the
notch tip direction. To facilitate FPZ size measurement at peak load, a new coordinate system is
introduced at the notch tip, with the main crack initiation angle as the reference (Fig. 8a) [33], [65].

The coordinate transformation equations are given as follows [65]:

U =Ucosa—Vsina 9)
V,=Usina -V cosa (10)

where a represents the initial crack initiation angle of the main crack, and this parameter can be
measured by the program ImagelJ; U and V represent the original horizontal displacement and vertical
displacement respectively.

The following will introduce the FPZ analysis process using SCB samples treated at 1000 °C as

an example. As shown in Fig. 8a, a set of horizontally distributed reference lines (y1, y2, ¥3....yn) Was
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initially positioned along the positive Y-axis above the crack path in the new coordinate system, with
monitoring of the horizontal displacements U at peak load and X-coordinates of these reference lines.
The FPZ width (Wrpz) is determined by the horizontal length of the region exhibiting a notable
horizontal displacement gradient. As shown in Fig. 8b, as the horizontal reference line approaches the
notch tip, distinct horizontal displacement jumps are observed. For example, the reference line y=3.2
mm shows a large jump and the horizontal length of this region is 4.25 mm (Wgpz=4.25 mm). Two
vertical reference lines in the new coordinate system (left and right lines in Fig. 8a) were
symmetrically laid out at two sides of crack path to obtain the evolution of horizontal displacement
with Y-coordinates (Fig. 8a). The FPZ length (Lrpz) is determined as the distance from the notch tip to
the point along the crack ligament where the displacement jump vanishes at peak load. Additionally,
the CTOD (W) is obtained by calculating the difference in horizontal displacement on both sides of
the notch tip, with its value at peak load identified as the critical CTOD (W.). These methods of
obtaining FPZ shape parameters (Wrpz and Lrpz) and CTOD from horizontal displacement contours
have been previously validated [3], [24], [27], [67], [68]. Based on the evolution of horizontal
displacement with Y-coordinates in Fig. 8c, the values of Lrpz and W, of SCB sample after 1000 °C
treatment are computed to be 14.14 mm and 0.215 mm, respectively. Fig. 8d shows the horizontal
displacement of SCB sample after 1000 °C treatment under different loading stages along the two
vertical reference lines. The CTOD value increases from 0.011 mm at 60 % Pax to 0.058 mm at 93%
Prax, and the critical CTOD at peak load is 0.215 mm. As loading proceeds, the value of CTOD also
increases, which is consistent with the results observed in SCB samples under pure mode I loading
[32]. Notably, the relationship between load and CTOD value is nonlinear, with the CTOD value
increasing more rapidly as the load approaches the peak, indicating the nonlinear damage behavior of
rock under mixed mode I/II loading. Similarly, the opening displacement is not precisely zero at the
FPZ tip due to slight deviations in the positioning of the selected vertical reference lines relative to the

fracture surfaces (Figs. 8c and 8d).
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Fig. 8 FPZ analysis process of pre-heated SCB samples at 1000 °C: a horizontal and vertical
reference lines in the new coordinate system in horizontal displacement contours; b horizontal
displacement changes at different horizontal reference lines; ¢ horizontal displacement curves along
the vertical reference lines; d CTOD values under different loading stages.

Comparison of the lengths, widths of the FPZ, and critical CTOD values at peak load were
conducted for SCB samples subjected to various high-temperature treatments under mixed mode I/I1
loading conditions, as depicted in Fig. 9a. While not strictly monotonic, an overall trend reveals an
increase in both FPZ length and width with temperature. As the temperature increases from 200 to
1000 °C, the FPZ length increases from 4.93 to 14.14 mm, which is an increase of approximately 2.87
times, and the FPZ width expanded from 1.93 to 4.25 mm, indicating an increase of about 2.20 times.
Notably, the critical CTOD (W.) value appears highly responsive to temperature variations. As the
temperature increases from 200 to 1000 °C, the value of W, increases from 0.023 to 0.215 mm,
marking a remarkable increase of approximately 9.35 times. In addition, these parameters and
fracture toughness all show a negative correlation. It seems that as the temperature increases, the
length and width of the FPZ also increase and the value of the fracture toughness decreases. This

conclusion was also confirmed in the experiments of pre-heated SCB specimens under pure mode |
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length and width; d relationship between FPZ geometric parameters and fracture toughness; e

evolution of maximum principal strain at the notch tip.

The ratio of FPZ length to width reflects its shape, which is of great significance for studying the

progressive damage process of rocks and relevant theoretical frameworks [30]. The relationship

between the FPZ length and width of the pre-heated SCB specimen under mixed mode I/II loading is

shown in Figs. 9b and 9c. It is evident that the ratio of FPZ length to width in all specimens
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predominantly fell within the 2~4 range, which was consistent with the results of previous works [30],
[69], [70]. At lower temperatures (25~400 °C), the ratio remains around 2~3, while at higher
temperature (600~1000 °C), this value increases to 3~4. This is consistent with the effect of
temperature on the effective fracture toughness (Fig. 3d). Within the 400~600 °C range, there is a
brittle-ductile transition phenomenon in the rock, which leads to a great change in the shape of the
FPZ, markedly altering the FPZ shape from a semi-elliptical to a gradually narrowing region.
Previous research has confirmed that the aspect ratio of FPZ is related to many factors, such as sample
dimensions and rock properties [30], [69], [70]. The present experimental results suggest that
temperature is another important factor influencing the FPZ shape. Utilizing the DIC technique to
ascertain FPZ shape from the sample surface technically delineates the development of the inelastic
or damage zone within the rock, given the anticipated uniformity of FPZ along the crack front [30],
[71]. As shown in Fig. 9d, a discernible mathematical relationship exists between FPZ length, width,
and the effective fracture toughness of SCB samples, offering a practical method for forecasting the
latter under mixed mode I/II loading conditions. Therefore, the results of this work contribute to a
quantitative understanding of the nonlinear evolution of the damage zone in rocks subjected to mixed
mode I/II loading. It is worth noting that the measured FPZ length at room temperature (2.43 mm) in
this study is smaller than previous findings [30], [46], [72], [73]. For example, Ma et al. [73] obtained
that the FPZ length of fine-grained quartz-diorite SCB sample was 6.6 mm under pure mode I loading.
Conversely, a broader FPZ length (~8—10 mm) was observed by Wei et al. [72] in a SCB test of
Dazhou sandstone. Such discrepancies underscore the multitude of factors influencing FPZ size,
including loading conditions, rock types, and external environmental variables. Therefore, the FPZ
size identified in this work can only be used in the theoretical predictions of fracture behaviors for
SCB samples with identical rock type and geometry under mixed mode I/II loading.

The variation in maximum principal strain within the FPZ throughout the loading process serves
as a reflection of the rock damage evolution [26]. To quantitatively analyze the maximum principal
strain within FPZ changes during mixed mode I/II loading process, the maximum principal strain at
the notch tip is continuously monitored and the results of different pre-heated SCB samples are shown
in Fig. 9e. It shows that after high-temperature treatment, the initiation of thermally induced cracks in
rocks will intensify the damage evolution process of rocks under mixed mode I/II loading. At lower

temperatures (25~400 °C), the maximum principal strain development goes through a low strain
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period, and then its value increases rapidly after reaching a certain point until the sample failure. At
higher temperatures (600~1000 °C), the strain increases rapidly with increasing displacement.
Particularly noteworthy are the SCB samples subjected to temperatures of 800 and 1000 °C, where
significant strains are evident even under minimal displacement, indicating the ductile behavior of
rocks under extremely high temperatures [48]. The results in Fig. 9¢ also show that the value of
maximum principal strain obtained by DIC technique, like the AE counts [27], [32], [35], can also
quantitatively characterize the damage process of rock, which provides a potential way for further

establish the damage constitutive models of pre-heated rocks.

4. Discussion

Rock is a quasi-brittle and heterogeneous material, and its mechanical behavior is influenced by
the microscopic internal structure response. The initiation and propagation of microcracks caused by
thermal stress will cause irreversible damage to the rock microstructure. The experimental results in
this work indicate that the microstructural changes induced by the high temperature treatment have a
significant impact on the evolution of mixed mode I/II fracture characteristics of SCB samples,
including effective fracture toughness and absorbed energy (Fig. 3), macroscopic fracture
characteristics (Fig. 4), the development of FPZ, CTOD and maximum principal strain (Fig. 9).

Qualitative observation of the microscopic fracture morphology of pre-heated rocks at the
grain-scale was conducted using SEM technique to elucidate the micro-mechanism of temperature
impact on mixed mode I/II fracture. The SEM images of different pre-heated samples are presented in
Fig. 10. The examination revealed that at room temperature, the fracture surface of the rock sample
appeared nearly intact and flat, with minimal pre-existing microcracks (Fig. 10a). When increasing
the temperature to 200 °C, the step pattern was observed (Fig. 10b). This is attributed to material
separation along a series of crystal planes of varying heights rather than a singular plane, leading to
stepped fractures [19]. At the same time, thermally induced cracks begin to initiates, including
intragranular (IG) and grain boundary (GB) cracks. It is difficult to precisely identify the sequence of
initiation of the two types of cracks in experiments. Given that the mechanical properties of grain
boundaries are typically weaker and more heterogeneous than those of mineral grains in rocks [74],

GB cracks appeared to predominate on the fracture surfaces at lower temperatures. As the
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temperature increased further, an increased presence of microcracks was observed, facilitating the
formation of interconnected network of microcracks. (Fig. 10c). When increasing the temperature to
600 °C, fragmented grain gradually appears, which is a volume damage zone caused by highly
interconnected microcracks (Fig. 10d). It indicates that the thermal damage to the internal structure of
the rock has reached a relatively high level. The fragmentation of these grains compromised the
integrity of the rock microstructure, resulting in a significant reduction in fracture toughness (Fig. 3d).
Continuing the temperature rise to 800 °C, individual fragmented grains further deteriorated,
resulting in numerous broken grains and a decline in rock mechanical properties (Fig. 10e). At a
temperature of 1000 °C, numerous microcracks become observable, culminating in the formation of
an intricate network of cracks. Furthermore, discernible evidence of mineral grain surface melting is
evident (Fig. 10e). This was also observed in microphotographs from previous studies on high
temperature treated granite [14].

Additionally, the microcrack width was quantified using ImageJ (Figs. 10d~10f). When the
temperature increases from 600 to 1000 °C, the microcrack width (aperture) increases from 1.228 um
to 3.783 um, resulting in an increase of approximately 3.08 times. Previous studies have shown that
an increase in microcrack width may brought about a remarkably greater contribution to the
permanent strain than the increase of the crack density [75]. This increase in microcrack density and
width is considered to be the important reason for the increase in rock porosity after high temperature
treatment [54], [76], [77]. This change in rock microstructure caused by temperature will also be
reflected in the load-displacement curve. When the temperature is lower (e.g., 200 °C), there is almost
no initial nonlinear compaction stage in the load-displacement curve (Fig. 3a), and the size of FPZ
was relatively small (Fig. 9). When the temperature is higher (e.g., 800 °C), the initial compaction
stage becomes obvious, and both pre-peak hardening and post-peak softening stage are more
significant (Fig. 3a), and an enlarged FPZ size (Fig. 9), indicating that the pre-heated rock has

obvious ductility characteristics.
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Fig. 10 Micrographs of fracture surface topography of rocks under different temperatures: a 25 °C; b
200 °C; ¢ 400 °C; d 600 °C; e 800 °C; £ 1000 °C. The solid yellow lines in d, e and f represent the
measured crack width. The areas shown were chosen independently of the evolution of the fracture
process, and do not necessarily correspond to a specific failure pattern.

Observation of the effects of high temperature treatment on rock microstructure can be facilitated
through polarization microscopy. The results of microscopic observation under cross-polarized (Figs.
11a~11c) and plane-polarized (Figs. 11d~11f) light conditions are similar to those observed by SEM
(Fig. 10). There are some pre-existing microcracks in rocks at room temperature (Fig. 11d), which are
one of the causes of the initial nonlinear stage in the load-displacement curve. Elevated temperatures
induce nonuniform expansion among mineral grains within rocks, arising from disparate thermal
expansion coefficients inherent to distinct mineral types, thereby precipitating the generation of
thermally induced cracks. With increasing temperature regimes, the number of such thermally
induced cracks increases correspondingly (Figs. 11e and 11f). Even though the main component of
the rocks investigated in this work is albite, there may still be mismatches between minerals of the
same type due to the anisotropy and heterogeneity of single minerals [78], [79]. In contrast to samples
at room temperature conditions, samples subjected to thermal treatment typically exhibit a stochastic
distribution of thermally induced cracks, consequently leading to diminished energy expenditure
during rock fracturing [39]. The thermally induced cracks in the pre-heated samples will connect,
aggregate, and expand with pre-existing cracks and newly-formed cracks around the notch tip under

mixed mode I/I loading, ultimately contributing to the increase in FPZ size (including width and
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Fig. 11 Thin-section microphotographs of thin section of rocks under different temperatures: a~c
images in cross-polarized light at 25 °C, 400 °C and 1000 °C, respectively; d~f images in
plane-polarized light at 25 °C, 400 °C and 1000 °C, respectively. a/d, b/e, and ¢/f represent
microphotographs of the same area. Qtz: quartz, Mcc: microcline, Hbl: hornblende, Bt: biotite, Ab:
albite.

The nonlinear evolution of the FPZ at the notch tip of SCB specimens theoretically consists of
four stages (stage I, stage I, stage III and stage IV), which has been summarized by previous works
and confirmed in the laboratory tests by different techniques such as DIC, AE and computed
tomography [25], [29], [80], [81], as shown in Figs. 12a and 12b. For example, in stage III,
observable deformations arise directly due to microcrack coalescence and the emergence of
mesocracks (also known as dominant microcracks) within the FPZ. According to the findings of this
work, the process of FPZ development in rocks is expedited by high-temperature treatment compared
to rocks at room temperature. As shown in Fig. 12¢, in the SCB specimen after high temperature
treatment under mixed mode loading, the presence of thermally induced cracks facilitates the
coalescence of microcracks, thereby enabling the formation of mesocracks in stage II', consequently
leading to the expansion of the FPZ size. The significant FPZ size obtained for pre-heated SCB
samples in this work (Fig. 9 and Fig. 12¢) demonstrates the development of a substantial nonlinear
damage zone ahead of the notch tip. Furthermore, in contrast to pure mode I loading, the FPZ

development process within specimens under mixed mode loading may exhibit more nonlinear and
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intricate characteristics. Hence, linear elastic fracture mechanics might not be applicable to such
samples, given the extensive nonlinear deformation within the samples under mixed mode I/II

loading.
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Fig. 12 The development of FPZ and mechanical behavior of SCB samples after different
temperature treatments under mixed mode I/II loading: a load-displacement curves of SCB samples;
b the development of FPZ at low temperature; ¢ the development of FPZ at high temperature.

The importance of temperature in determining the fracture toughness and FPZ properties of rocks
under mixed mode I/II loading is highlighted in this work, although other factors, including loading
conditions [16], anisotropy [30], rock type [82] and sample size [83], [84], also affect the fracture
toughness and FPZ properties of rocks, which warrant further investigation. Future investigations
will entail the aggregation of a substantial corpus of experimental findings concerning rock fracture
toughness and properties of the FPZ) achieved through analogous experimental inquiries
encompassing diverse rock mineralogical compositions, sample configurations, and loading
conditions. As an important tool in the field of geotechnical engineering, theoretical models play an
indispensable role in the design of engineering stability [85], [86], [87]. Thereafter, a consolidated
theoretical framework integrating these variables in conjunction with temperature effects will be
established, aiming to explicate the alterations in rock fracture properties ensuing high temperature
exposures. Especially in some deep underground rock engineering projects, such as nuclear waste
repositories and geothermal reservoirs, this unified theoretical model that includes temperature will

greatly facilitate more accurate design of support structures of those rock engineering.

5. Conclusions

This study experimentally investigates the fracture behavior of rocks after high temperature

treatments under mixed mode I/II loading. Specifically, the characteristics of FPZ were analyzed
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using DIC method. Detailed microscopic analysis of fracture surface morphology was performed to
study the underlying mechanisms governing changes in the mechanical properties and fracture
behavior of rocks after high temperature treatment. The main findings are outlined as follows:

(1) As the temperature increases, the mechanical properties of the SCB samples gradually
decrease. Compared to samples at room temperature, rocks treated with temperature above 600 °C
showed a notable decrease in peak load, generalized stiffness, fracture toughness, and absorbed
energy. The load-displacement curves and macroscopic fracture characteristics of pre-heated SCB
samples exhibit a transition from brittleness to ductility with increasing temperature under mixed
mode I/II loading.

(2) The length and width of FPZ increased with increasing temperature, and the CTOD values of
pre-heated samples increased with increasing loading level. These parameters exhibit an inverse
relationship with fracture toughness. The ratio of FPZ length to width of all samples predominantly
ranged between 2~4. At lower temperatures (25~400 °C), this ratio remained around 2~3, and when
the temperature is higher (600~1000 °C), its value increased to 3~4. A robust mathematical
correlation exists between FPZ dimensions and fracture toughness, offering a practical method for
predicting the effective fracture toughness of pre-heated rocks under mixed mode I/II loading.

(3) The initiation of thermally induced cracks in rocks will intensify the damage evolution of
rocks under mixed mode I/II loading. At lower temperatures ranging from 25 to 400 °C, the evolution
of maximum principal strain initially undergoes a phase of subdued strain, followed by a swift
escalation in maximum principal strain beyond a critical threshold, culminating in sample failure. At
higher temperatures (600~1000 °C), the strain increases rapidly with increasing displacement.
Particularly in SCB samples heated to 800 and 1000 °C, substantial strains are observed even under
minimal displacement, indicative of the ductile property of rocks at extremely high temperatures.

(4) Both SEM and polarization microscopy images reveal the microscopic fracture morphology
of pre-heated rocks, showing isolated and dispersed microcracks at lower temperatures and
microcrack networks with broken grains at higher temperatures. The interconnected network of
microcracks and fragmented grains compromises rock integrity, leading to an increase in FPZ size
and a reduction in fracture toughness.

In summary, this study emphasizes the impact of high temperature treatment on the mechanical

attributes and characteristics of FPZ in rocks subjected to mixed mode I/II loading. It demonstrates
29



646  that temperature significantly impacts effective fracture toughness, maximum principal strain
647  distribution, and FPZ geometric parameters of rocks. Consequently, thermal damage warrants
648  comprehensive consideration in theoretical models and numerical simulations pertinent to deep

649  underground rock engineering.
650
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