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Introduction

Hot dry rock (HDR) is recognized as a clean and renewable geothermal energy source
(Tester et al. 2007). Under natural conditions, HDR with granite as the main rock type,
the temperatures at a depth of 5 to 6 km are between 150 °C and 500 °C (Breede et al.
2013). When rock is exposed to high temperatures for long periods of time, the tem-
perature can deteriorate the strength and structure of rock by the generation of thermal
cracks (Feng et al. 2017). Tensile/opening (mode I) fracture is the main fracture mecha-
nism in rock fracture processes (Dai et al. 2015), and the mode I fracture toughness is

. ©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
@ Sprlnger Open use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
— author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://

creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-3901-8537
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40517-022-00225-3&domain=pdf

Yang et al. Geothermal Energy (2022) 10:14 Page 2 of 16

a critical parameter to evaluate the ability of rock to resist crack propagation (Bahrami
et al. 2020). Therefore, a comprehensive understanding of the variation in mode I frac-
ture toughness of granite at different temperatures is important for the design, construc-
tion and maintenance of geothermal engineering facilities.

To measure the mode I fracture toughness of rocks, four methods, namely, chevron-
notched bend (CB) test and short rod (SR) test (Franklin et al. 1988), cracked chevron-
notched Brazilian disk (CCNBD) test (Fowell et al. 1995) and semi-circular bend (SCB)
test (Chong and Kuruppu 1984) have been proposed by the International Society for
Rock Mechanics (ISRM). Different test methods have been performed to compare the
obtained value of the mode I fracture toughness of different rocks (Dai et al. 2015; Wong
et al. 2019). Among these methods, the SCB sample, also called notched semi-circular
bending (NSCB) sample, has been widely used in rock mechanic community due to its
advantage in the sample preparation and testing procedures (Kataoka et al. 2015). Wei
et al. (2018) also summarized the above methods and proposed a novel chevron notched
short rod bend method (CNSRB) to measure the mode I fracture toughness of rock.
Moreover, the fracture behaviour of NSCB sample is more consistent with the hypoth-
esis of the theoretical fracture mechanism (Dai et al. 2015). Therefore, NSCB sample was
selected for fracture toughness measurement in this study.

High temperatures not only affect the physical properties of the rock (e.g., porosity,
wave velocity and permeability), but also influence the mechanical behavior (compres-
sive strength and elastic modulus) (Zhang et al. 2018; Zhao et al. 2020; Meng et al. 2021).
A number of studies have been performed to investigate the effect of high temperature
treatment on the fracture toughness of rocks (i.e., the rock is first heated to the target
temperature, and then cooled to room temperature, and the test was then performed
on the thermally treated specimens at room temperature). For example, the fracture
toughness of sandstone was found to first increase and then decrease with the increas-
ing of thermal treatment temperature, which were considered to be closely associated
with the closure of previous cracks and the development of thermal cracks (Feng et al.
2017; Mahanta et al. 2016; Zuo et al. 2014). The fracture toughness of granite gradually
decreased with the increase of thermal treatment temperature, which was thought to be
caused by the development of thermal cracks and quartz phase transformation (Mer-
edith and Atkinson 1985; Yin et al. 2012; Yin et al. 2019; Yin et al. 2020; Zuo et al. 2017).
In the study of Yin et al. (2018), however, the authors found that fracture toughness val-
ues of granite were similar between 100 °C and 200 °C, and between 400 °C and 600 °C,
and the former was caused by the improved sample mass densities as a result of mineral
expansion, while the latter was related to the fact that the temperature did not further
aggravate the thermal damage of the granite.

At present, most of the studies on the temperature dependence of the fracture tough-
ness of granite have been performed on rocks after thermal treatment. The thermal
treatment tests are inadequate to represent the fracture toughness variation of rocks
in actual geothermal engineering, and the effects of different real-time temperature on
the mode I fracture mode, fracturing mechanism and fracture toughness remain elusive.
In addition, the rate of water injection is also an important factor affecting geothermal
extraction. Different injection rates may affect the initiation and propagation of frac-
tures, thus influencing the scale of fracture network and heat transfer efficiency (Zhuang
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et al. 2019). Studying the loading rate effects of the fracturing mechanism at different
real-time temperatures can help to optimize the injection rate of fracturing. A num-
ber of previous laboratory tests have been performed to analyze the effects of loading
rate on the static fracture toughness of different rocks. However, no consensus has been
obtained. For example, the static fracture toughness of limestone was found to decrease
slightly with decreasing loading rate (Bazant et al. 1993), while the static fracture tough-
ness of sandstone was found to be independent on the loading rate (Backers et al. 2003).
How the fracture toughness and fracture mode are affected by the coupled effects of dif-
ferent real-time temperatures and loading rates needs more in-depth study.

In this work, three-point bending tests were conducted on NSCB samples at different
real-time temperatures (e.g., 25, 100, 200, 300, 400 and 500 °C) and three loading rates
(e.g., 0.1, 0.01 and 0.001 mm/min), the mode I fracture toughness at real-time tempera-
ture was obtained and then compared with that obtained in the rapid water-cooling test
after thermal treatment. The effect of the loading rate on the mode I fracture toughness

was also analysed.

Experiment procedure

Sample preparation

The granite used in the tests was sampled from Shuitou Town, Fujian Province, China.
Its natural density and porosity are 2.76 g/cm?® and 0.62%, respectively. Analysis of the
mineral composition by X-ray diffraction (XRD) shows that the main mineral compo-
sitions and average mass fractions of the granite are albite (39.63%), biotite (39.15%),
quartz (16.76%), and tremolite (4.46%). As shown in Fig. 1, the geometry and size of
samples were processed in accordance with the standard of ISRM (Kuruppu et al. 2014).
All samples were drilled from the same batch of granite blocks with 76 mm diameter
cores. The cores were then cut into NSCB samples and the flatness of each end surface
was polished according to the suggested method (Kuruppu et al. 2014).

Experimental equipment

A universal testing machine (Fig. 2a) was used to perform the three-point bending
test on the NSCB samples. The maximum loading force of the testing machine is 300
kN, and the resolution of the test force is 1/500000. The maximum temperature of
the high temperature control box (Fig. 2b) is 500 C, and the three-point bending fix-
ture is rigid enough to resist the high temperature during the test. During the load-
ing tests, the applied load was measured by the pressure sensor and the displacement

Fig. 1 NSCB sample size
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was recorded by the loading system. The samples were first placed symmetrically on

the three-point bending fixture, then the temperature was raised at a heating rate of

10 °C/min until the target temperature was reached. The target temperature was kept

at least for 2 h in the high temperature control box to ensure uniform temperature
distribution inside of the rock sample (Yin et al. 2019; Zhang et al. 2018). The loading
indenter was lowered at the designed loading rate (i.e., 0.1, 0.01 and 0.001 mm/min)
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until the sample fractured. More than 3 samples were tested for each set of condition,
and the average value was taken for the results analysis.

To evaluate the stability of the test equipment, we tested 5 NSCB samples at 100 °C
and a loading rate of 0.01 mm/min, and the load—displacement curves are given in Fig. 3.
The shape of the load—displacement curve at the same initial boundary conditions are
similar for multiple samples tested, indicating that the performance of the equipment is
reliable.

Analysis of the test results
Load-displacement curve analysis
Figure 4 shows the load—displacement curves obtained for the granite NSCB samples
in the three-point bending tests. The curve usually consists of compaction stage, lin-
ear elastic stage and failure stage. During the compaction stage, the slope of the curve
increases nonlinearly. After reaching the linear elastic stage, the load increases linearly
with the displacement increases. Below 300 °C, the load drops abruptly after the peak
and the sample fails drastically, exhibiting a typical brittle fracture. At 400 °C, the load—
displacement curves at larger loading rates (0.1 mm/min and 0.01 mm/min) fluctuate
before reaching the peak load (Fig. 4a, b), and the decreasing trend becomes slower in
the failure stage (Fig. 4a). These phenomena may be caused by the decreasing brittle-
ness of the samples under high temperature. It is worth noting that at a loading rate of
0.001 mm/min, the curve at 300 °C has fluctuated before the peak, and the failure stage
at 400 °C begins to show progressive rupture characteristics (Fig. 4c). This indicates that
at lower loading rates (0.001 mm/min), the brittleness of the samples begins to weaken
at lower temperatures. When the temperature rises to 500 °C (Fig. 4a, b, c), the curves
are generally jagged at the failure stage, and the sample progressively ruptured until
complete failure. The samples still have the ability to resist the external load when they
are damaged, which is related to the decreasing brittleness of the rock with increasing
temperature.

At the loading rate of 0.1 and 0.01 mm/min, there is no obvious difference in the com-
paction stage of the curve, and the failure displacement basically increases with the
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increase of temperature. When the loading rate is reduced to 0.001 mm/min, the com-
paction stage is almost invisible above 200 °C, and the failure displacement decreases
first and then increases with increasing temperature. In addition, at the three loading

rates, the failure displacement generally increases with increasing loading rate. The
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above comparison shows that not only the high temperature, but also the loading rate
affects the mechanical behaviour of granite.

As shown in Fig. 5, the peak load decreases generally with increasing temperature at
all three loading rates, which is related to the damage of granite caused by high tempera-
ture. However, the loading rate poses different influence on the peak load at low and high
temperatures. Below 200 °C, the peak load increases with the increase of loading rate.
From 200 °C to 400 °C, the peak loads at loading rates of 0.1 mm/min and 0.01 mm/min
are still positively related to the loading rate. However, at a loading rate of 0.001 mm/
min, the peak load is the largest. Especially at 500 C, the peak load decreases with the
increase of loading rate, which indicates that the high temperature reverses the loading
rate effect on the peak loading.

Fracture toughness analysis
The mode I fracture toughness K- of NSCB samples is calculated according to the fol-
lowing formula given by ISRM (Kuruppu et al. 2014):

' Prax~/TTa

Kc=Y
Ic 2RB

(1)

’

Y =-1297 + 9.516(%) — (047 + 16.457(%)),3 + (1071 + 34.401(%))/92 2)

where Y’ is the non-dimensional stress intensity factor;Pmax is the maximum load at
sample failure;R,a and B are the production dimensions of the samples;s is the support
span,s / 2R = 0.8;8 is the normalized length, 8 = a / R =0.5.

According to the above Egs. (1, 2), the fracture toughness was calculated for dif-
ferent real-time temperatures and loading rates. The average fracture toughness and
standard deviation are illustrated in Table 1. Compared with the fracture toughness
at 25 °C, when the temperature increases from 100 to 500 °C, the fracture tough-
ness at the loading rate of 0.1 mm/min decreases by 13.22%, 22.21%, 32.25%, 34.50%
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Table 1 Results of the fracture toughness

temperature (C) Loading rate (mm/min)  Average fracture toughness Standard
(MPa-m'?) deviation
(MPa-m'?)
25 0.1 1.513 0.070
0.01 1449 0.015
0.001 1420 0.029
100 0.1 1.313 0.102
0.01 1.220 0.037
0.001 1.191 0.069
200 0.1 1.177 0.058
0.01 1.095 0.056
0.001 1.113 0.101
300 0.1 1.025 0.104
0.01 0.908 0.063
0.001 1.094 0.038
400 0.1 0.991 0016
0.01 0.906 0.072
0.001 1.002 0017
500 0.1 0.755 0.018
0.01 0.792 0.089
0.001 1.074 0.023
1.6 -
R Kico1=-0-10119+1.63492x 783708347
S"* 14 | R*=0.97036
g /
£ Kicro001y=1.05077+0.4888x 8640709
S 12 2.
o R=0.95775
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Fig. 6 Fracture toughness versus real-time high temperature

and 50.10%, respectively; the fracture toughness at the loading rate of 0.01 mm/min
decreases by 15.80%, 24.43%, 37.34%, 37.47% and 45.34%, respectively; and the frac-
ture toughness at the loading rate of 0.001 mm/min decreases by 16.13%, 21.62%,
22.96%, 29.44% and 24.37, respectively. The high temperature obviously reduces the
fracture toughness of granite.

Figure 6 shows the trend of granite fracture toughness with real-time high tempera-
ture. Exponential function is used to fit the variation of the average fracture toughness
with temperature, and the following fitting equations are obtained:
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Kic(o.1y= —0.10119 + 1.63492 x (T/(~837.08347))
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where Kic(.1)Kic(.01) and Kic(o.001) represent the fracture toughness at different loading
rates,T represents temperature,R2 represents the correlation coefficient.

From 25 to 400 °C, the fracture toughness at the loading rate of 0.1 mm/min is
greater than that at the loading rate of 0.01 mm/min. The increase of loading rate has
a certain toughening effect on granite, but this strengthening effect is not obvious,
and the difference of fracture toughness between the two is within 0.117 MPa-m'2.
It is worth noting that at the loading rate of 0.001 mm/min, the fracture tough-
ness is not significantly affected by temperature above 200 °C, decreasing by only
0.039 MPa-m'’? from 200 to 500 °C. The fracture toughness does not strictly follow a
monotonic decrease with temperature, which may be caused by the inhomogeneity of
the granite material (Yin et al. 2018). It can also be seen that the variation law of frac-
ture toughness and peak load with real-time temperature or loading rate is consistent,
indicating that the fracture toughness is proportional to peak load.

Macro-fracture traces analysis

The NSCB samples after tests are shown in Fig. 7, which clearly shows that the colour
of the samples changed from blue—grey below 300 °C to slightly yellow at 400 C. At
500 C, the samples turn to be beige in colour and some debris can be observed at the
notch of prefabricated crack. The phenomenon is attributed to that the biotite-rich
granite turns to be yellow in colour at high temperature (Vazquez et al. 2016). Fig-
ure 8 shows the traces of the fracture plane, which initiates from the middle of the
straight notch and then propagates along the axial direction.

25°C  100°C  200°C 300°C  400°C  500°C
0.1mm/mi

0.01mm/min

0.001mm/min

Fig. 7 NSCB samples after testing
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The maximum deviation distance of the crack (Fig. 8) is defined as the perpendicu-
lar distance from the crack to the center line of the prefabricated straight notch plane
(Wong et al. 2019). As shown in Fig. 9, temperature has a significant effect on the maxi-
mum deviation distance, and the temperature reduces the deviation distance of the
cracks. The reason is that the high temperature reduces the strength of the rock, and
cracks are more likely to expand axially along the prefabricated straight notch under
load (Feng et al. 2017). Based on the research of Kuruppu et al. (2014), the maximum
deviation distance of the crack should be less than 0.05D, otherwise the sample is sub-
jected to the torsion and shear (i.e., [-II mixed mode fracture occurs). Our test results
in Fig. 9 shows that the maximum deviation distance of the crack is 1.71 mm, indicating
that pure tensile failure occurs. The maximum deviation distance of the cracks is close
to each other for NSCB samples under different loading rates, indicating the loading rate
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has insignificant effect on the deviation degree of the crack. Exponential function is used
to fit the variation of the maximum crack deviation distance with temperature, and the
following results are obtained:

M.1y= 0.68512 + 0.86351 x e(~0-00333T)

(6)
R%=0.90489
Mo1)= 0.74216 + 1.5796 x e(~0-00618T) -
R%= 0.9044
Mo001)= 0.47492 + 1.23584 x e(~000247T) @

R>=0.96131

where Mo.1,M0.01) and M oo1) is the maximum deviation distance of the crack at dif-
ferent loading rates.

Micro-damage analysis

Moreover, micro-damages on the fracture surface were also observed by SEM from the
microscopic scale. The images of microcracks are shown in Fig. 10, where the number of
micro cracks in granite obviously increases with temperature. The main mineral compo-
nents of the granite in this study are albite, quartz and biotite. At 25 °C, the micro-struc-
ture of the granite is comparatively intact. The pre-existing cracks and weak boundaries
between mineral grains in granite are locally damaged when the material is stressed,
resulting in a small number of cracks. From 25 C to 300 C, the number of microcracks
begins to increase, and the aperture of the cracks also tends to increase (Fig. 10a—d).
They are mainly intergranular cracks, which occur in quartz particles, feldspar particles,

N

o 2
Q) E > Ly
< ?‘h’,{ep rticless

(d) 300 °C (€) 400 °C () 500 °C

Fig. 10 SEM images of granite at 25-500 ‘C and 0.01 mm/min loading rate (The red lines indicate the
intergranular cracks, the yellow lines indicate the transgranular cracks, and the red circles indicate the broken
area.).a25°C.b 100 °C. ¢ 200 °C.d 300 °C. e 400 °C.f 500 °C
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or between quartz and feldspar particles (Yang. 2022). The main reason for the forma-
tion of microcracks at high temperatures is that the granite is composed of mineral par-
ticles with different thermal expansion coefficients and thermoelastic coefficients, and
the mineral particles produce uneven expansion at high temperatures (Sun et al. 2015).
At 400 °C, the number of intergranular cracks increases sharply and transgranular cracks
begin to appear (Fig. 10e). When the temperature is increased to 500 °C, a large number
of transgranular cracks appear in the sample, and the intergranular cracks and trans-
granular cracks are interconnected to form a large broken area (Fig. 10f). Transgranular
cracks mainly appear in feldspar particles, which is due to the lower strength of feldspar
than quartz (Yang. 2022). Below 500 °C, intergranular cracks appear rarely between bio-
tite particles. The reason is that the distinctive layered microstructure of biotite, which
causes cracks to be generally hindered by biotite grains and to develop around their
boundaries (Li et al. 2002).

Discussion

Influence of the high temperature and loading rate

Under the combined effect of real-time high temperature and mechanical loading, the
number of microcracks increases gradually with temperature. The mechanical prop-
erties of granite at high temperatures can be understood with the assistance of micro-
structure evolutions. When the minerals cannot withstand the thermal stress caused by
thermal expansion, high temperature can cause the thermal damage to granite, resulting
in microcracks within the rock, which reduces the strength of the rock (Yang et al. 2017;
Feng et al. 2017).

Since the fracture toughness is proportional to the peak load, the effect of loading rate
is analyzed from the variation of fracture toughness. At the loading rates of 0.1 mm/
min and 0.01 mm/min, from 25 to 400 °C, the fracture toughness decreases slightly
with decreasing loading rate. At lower loading rates, the microcracks in the sample have
enough time to evolve and develop, and more energy is consumed for microcrack propa-
gation, resulting in less energy released when the sample fractures, which leads to the
reduction of fracture toughness (Xie et al. 2020). When the loading rate is 0.001 mm/
min, the fracture toughness values are similar above 200 °C, and the fracture tough-
ness does not strictly follow the law of positive correlation with the loading rate. This is
related to the fact that there is no obvious compaction stage in the load—displacement
curve, and the compaction stage consumes almost no energy from the rock, resulting
in a large fracture toughness value. It is mainly influenced by the coupling effect of real-
time high temperature and low loading rate (0.001 mm/min), and also related to the ani-
sotropy of granite mineral materials. In addition, when the temperature is 500 °C, the
fracture toughness decreases with the increasing loading rate, and the effect of the load-
ing rate is reversed by the temperature. This is related to a large number of transgranu-
lar cracks at 500 °C. The cracks at high loading rates are mostly transgranular cracks,
which consume more energy than intergranular cracks (Yin et al. 2018). Therefore, at
higher loading rates, transgranular cracks further weaken the mechanical properties of
the rock, resulting in lower fracture toughness of the rock sample. Further research is
needed to confirm this novel finding.
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Influence of the heat treatment

As shown in Fig. 11, the real-time high temperature test is compared with the rapid
water-cooling test after thermal treatment. The granite samples, processing dimen-
sions, test equipment and loading rates are the same for both studies. The granite
samples in the rapid water-cooling test were heated and kept for 2 h in a high-temper-
ature muffle furnace, and cooled immediately to room temperature in normal temper-
ature water, and then tested at room temperature (Lv. 2022). The result shows that the
fracture toughness in both studies decreases with increasing temperature. At 25 °C,
the deviation of fracture toughness (0.082 MPa-m'/?) is caused by the anisotropy of
the granite samples. At real-time high temperature, the fracture toughness decreases
sharply from 25 to 100 °C, which is due to the fracture of the initial weak bound-
ary of the particles in the sample, indicating that the fracture toughness is sensitive
to temperature. Compared with real-time high temperature, the fracture toughness
of water-cooled treatment increases slightly between 100 °C and 200 °C. The reason
is that the high temperature gradient due to rapid water-cooling will cause thermal
hardening, which induces strong cooling-related shrinkage of the sample, the dense-
ness inside the sample is increased and the strength of the rock is enhanced (Zhang
et al. 2020). Thermal hardening increases the fracture toughness of the samples. From
200 to 500 °C, the fracture toughness at real-time high temperatures is reduced by
only 7%. The fracture toughness of water-cooled treatments continued to decrease
rapidly above 200 °C. The reason is that the thermal shock caused by rapid water-
cooling leads to significant extension of microcracks, and water-induced mineral dis-
solution also weakens the overall properties of the rock (Yin et al. 2019). The damage
caused by rapid water-cooling dominates, and the fracture toughness of the samples
are drastically reduced. From 300 to 400 °C, the fracture toughness decreases in the
real-time high temperature and water-cooled treatment tests are only 3.32% and
0.22%, respectively. The reason is that the ductility of biotite particles in granite is
strengthened at high temperature, which slows down the decrease of the mechanical
properties of the samples (Ma et al. 2020).

L6 = Real-time high temperature (present study)
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Fig. 11 Fracture toughness under different test conditions
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The relation between fracture toughness and temperature under rapid water-cool-
ing is fitted as follows:

Kicowoy= 3.0262 - 1.62313 x e!1/1082.0952)

: 9)
R*= 0.96767

where Kicnyc) is fracture toughness under rapid water-cooling test.

Conclusions

In this study, the three bending tests by NSCB method were conducted at real-time
temperature (25, 100, 200, 300, 400 and 500 ‘C) and different loading rates (0.1, 0.01
and 0.001 mm/min). The mode I fracture toughness and fracture characteristics of
the granite were analyzed from the initiation and development of the microcracks. At
real-time high temperature, the fracture toughness is proportional to the peak load.
The number of microcracks increases significantly with temperature, leading to a
decrease in fracture toughness with increasing temperature. Compared with the rapid
water-cooling test after thermal treatment, the real-time high temperature above
200 C has less damage to the mechanical properties of granite. When the loading
rate is 0.1 mm/min and 0.01 mm/min, the fracture toughness decreases slightly with
decreasing loading rate from 25 to 400 C. At the loading rate of 0.001 mm/min, from
200 °C to 500 °C, the fracture toughness does not strictly follow the law of decrease
with decreasing loading rate, and the variation of fracture toughness with tempera-
ture does not strictly follow the law of monotonic decrease. Fracture toughness and
loading rate are negatively correlated at 500 °C, indicating that the high temperature
reverses the effect of loading rate. In addition, the effect of loading rate on the maxi-

mum deviation distance of macroscopic cracks is also not obvious.
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