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1 Introduction 
With the expansion of deep mining, geothermal energy extraction, underground energy storage, and 
nuclear waste disposal, rock masses are increasingly exposed to high-temperature conditions (Guo et 
al., 2023). Temperature can substantially alter rock properties, including strength, elastic modulus, 
wave velocity, porosity, and crack development. These changes mainly arise from the heterogeneous 
thermal responses of mineral constituents, which induce incompatible deformation, thermal stress 
concentration, grain-boundary debonding, and microcrack initiation. In polycrystalline rocks such as 
granite, thermal expansion mismatch among quartz, feldspar, and mica is especially critical, making 
fracture behavior highly temperature-dependent. Because tensile crack initiation and propagation 
govern rock failure and permeability evolution, mode I fracture toughness (KIc) is a key parameter for 
assessing the stability and integrity of thermally affected rock masses. 

Although the effects of high temperature on rock properties have been widely studied, most existing 
work has tested specimens after heating them to a target temperature and then cooling them to room 
temperature, a thermal path referred to here as thermal annealing (TA) (Guo et al., 2023). Some 
studies have also examined thermal shock (TS), where heated specimens are rapidly cooled to simulate 
severe thermal disturbance, such as cold-fluid injection during geothermal stimulation (Wong & Liu, 
2025). By contrast, fracture behavior under isothermal heating (IT) remains less explored. In IT tests, 
specimens are heated to and maintained at the target temperature during fracture loading. Such tests 
are technically challenging because they require stable high-temperature loading, precise thermal 
control, and effective protection of the measurement system (Zhou et al., 2024a; Zhu et al., 2018). 

TA tests measure the residual fracture toughness after thermal damage and cooling, whereas IT tests 
measure the fracture resistance of rock at elevated temperature, where thermal expansion, crack 
closure, and stress redistribution remain active. Thus, TA and IT reflect different thermo-mechanical 
histories. Although KIc under TA conditions generally decreases with temperature, IT behavior may be 
more complex due to the competition between thermal damage and temporary crack closure. 
Therefore, comparing TA and IT is essential to assess whether cooled specimens can represent the in-
situ fracture behavior of hot rock masses.In this study, an improved pseudo-compact tension (pCT) 
apparatus was used to measure the KIc of limestone under high-temperature IT and TA conditions. 
Specimens were heated at 2 °C/min to temperatures up to 600°C and tested either at temperature or 
after natural cooling. The aim is to clarify the effect of thermal path on limestone fracture toughness 
and support more realistic evaluation of high-temperature rock engineering.  

2 Methodologies 
2.1 Rock materials and specimen preparations 
The Crema Palancar limestone was used in this study, and its basic mechanical properties are reported 
in Li et al. (2026). A total of 28 pCT specimens were prepared, including 21 specimens for IT tests 
and 7 specimens for TA tests. For the IT tests, 3 specimens were tested at each temperature from room 
temperature (25 °C) to 600 °C, while for the TA tests, one specimen was tested at each temperature 
over the same range. The pCT specimens were cut using a high-pressure water jet system, with 
average dimensions of D = 50.0 mm, B = 25.0 mm, a = 18.0 mm, and b = 45.0 mm. Thus, the a/b ratio 
was 0.38. The specimen geometry and notation followed Muñoz-Ibáñez et al. (2020). 

2.2 Experimental equipment 
To determine the KIc of rocks under isothermal high-temperature conditions, the original pCT test 
configuration was modified, as shown in Fig. 1.The enhanced pCT device employs a stepper motor 
connected to a small backslash planetary gearhead to drive a precision ballscrew connected to the 
movable jaw at a constant velocity. That provides stable and controllable load/displacement to the 
tested specimen. To conduct the experiments at above-ambient temperature conditions, the system 
incorporates a 130 mm-diameter, 150 mm-length Herge 2500W, ceramic band-heater shielded with 
two thick refractory plates. The heater is regulated with a universal industrial temperature control unit 
(CJD-9000P) able to be programmed with temperature ramps and PID control based on a type-K 
thermocouple. The parts of the bench submitted to high temperatures (push rod and pulling jaws) have 
been manufactured with Inconel® 600 steel alloy (UNS N06600), which offers excellent mechanical 
performance and thermal resistance at high temperatures (yield strength ~90 – 120 MPa at ~600 ºC). 
As shown in Fig. 1(a), in order to reduce thermal transmission to sensitive parts of the device (e.g. 
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load cell, LVDT), the Inconel® push rod is sleeved with an external SS316 cooling jacket through 
which a cooling fluid is continuously recirculated with the aid of a 800 W industrial chiller (CW-
5000). This cooling arrangement plays a critical role in ensuring both operational safety and 
measurement reliability during the high-temperature testing. 

 
Fig. 1 Photos of the enhanced high-temperature pCT testing system: (a) overall view of the apparatus; (b) detailed view of a 
granite pCT specimen and pulling jaws. 

Figure 1(b) shows a granite pCT specimen positioned inside the furnace. Compared with the original 
arrangement of the pCT test described by Muñoz-Ibáñez et al. (2020), in this enhanced device the 
sample is self-supported, lying on its weight on top of the pulling jaws. This allows the specimen to 
self-adjust its position in close groove/pulling jaws contact even when direct visual observation is not 
possible inside the furnace chamber. 

2.3 Experimental procedures  
For the IT group, specimens were tested directly in the high-temperature pCT apparatus. The furnace 
temperature was increased at a rate of 2 °C/min to the target temperatures. A separate finite element 
simulation, based on the specific heat capacity, density, and thermal conductivity of the limestone, 
showed that under this heating rate the internal and external temperatures of the pCT specimen 
increased synchronously and that the internal temperature field remained relatively uniform. In 
addition, tests performed at 100 °C, 200 °C, and 400 °C indicated that the holding time (0 – 4 h) at the 
target temperature did not significantly affect theresults. Even so, each specimen was held at the target 
temperature for 1 h before fracture testing to ensure thermal homogenization and to allow sufficient 
time for temperature-induced effects to develop. 

For the TA group, specimens were thermally treated in a Hobersal muffle furnace with a maximum 
operating temperature of 1200 °C. The heating rate was the same as that used for the IT group (2 
°C/min), but the holding time at the target temperature was extended to 12 h. After thermal treatment, 
the specimens were removed from the furnace and allowed to cool naturally to room temperature, after 
which the pCT test was carried out under ambient conditions.  

For all tests, either IT or TA, the displacement loading rate was maintained at 0.1 mm/min. The 
applied load P was continuously recorded during the test, and theKIc was calculated using the 
expression proposed by Muñoz-Ibáñez et al. (2020) for a 50 mm diameter pCT specimen, as shown in 
Eq. (1) and Eq. (2): 

𝐾ூ௖ = 𝑌′𝑃୫ୟ୶𝑏𝐵 √𝜋𝑎 (1) 𝑌ᇱ = 12.651 − 47.054 ቀ𝑎𝑏ቁ + 157.72 ቀ𝑎𝑏ቁଶ − 247.17 ቀ𝑎𝑏ቁଷ + 296.33 ቀ𝑎𝑏ቁସ (2) 

Where Pmax Peak value of the applied load during pCT test 
B Thickness of pCT specimen  
b Distance from the base of the groove to the bottom of the specimen 

 a Notch length  
 Y’ Dimensionless stress intensity factor 
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3 Results and discussion 
Figure 2 presents photographs of the pCT specimens after testing at different temperatures for the IT 
(top) and TA (bottom) groups. In both groups, the apparent color of the specimens changes 
progressively with increasing temperature, evolving from white at low temperature (25 – 200°C) to 
grey and then dark grey at higher temperatures (400 – 600°C). A particularly notable feature is 
observed in the TA specimen treated at 600°C, whose outer surface is partially covered by a whitish 
layer, while the interior remains dark grey. This surface whitening is likely associated with reactions 
occurring during cooling and subsequent exposure to ambient moisture, as the whitish layer was not 
present immediately after the specimen was removed from the furnace. At high temperature, partial 
decomposition of calcite (CaCO3) may produce lime (CaO), which can subsequently react with 
moisture in the air during cooling to form portlandite (Ca(OH)2)) (Tomás et al., 2025; Vigroux et al., 
2022). This process is accompanied by volume expansion and may promote local surface spalling, 
thereby exposing the darker interior of the specimen.In addition, the crack pattern observed in the TA 
specimen treated at 600°C is more complex than that of the corresponding IT specimen, with more 
pronounced crack branching. This observation suggests that the heating–cooling process generates 
more severe and heterogeneous damage than isothermal loading.  

 
Fig. 2 Photographs of pCT specimens after testing under different temperatures for the IT group (top) and TA group 
(bottom). 

The measured KIc values for limestone under IT and TA conditions are shown in Fig. 3. Although 
three IT specimens were tested at each temperature, some results are not reported because these tests 
were considered invalid: failure did not initiate from the tip of the pre-existing notch, and thus no 
reliable KIc value could be obtained. Overall, the KIc values obtained under IT conditions are 
consistently higher than those measured under TA conditions at the same target temperature. More 
importantly, the two thermal paths display distinctly different temperature-dependent responses. Under 
TA conditions, KIc decreases monotonically with increasing treatment temperature. The decrease 
before 400°C is relatively mild, whereas a more pronounced reduction occurs between 400 and 
600°C.Under IT conditions, in contrast, KIc first increases and then decreases, reaching a maximum at 
an intermediate temperature of approximately 400°C. Notably, even at the highest temperature 
considered (600°C), the KIc value under IT conditions remains higher than the room-temperature 
reference value. 

The more complex response of KIc observed under IT conditions can be interpreted as the result of a 
competition between temporary strengthening and progressive thermal damage while the specimen 
remains at elevated temperature during loading. Limestone, which is mainly composed of calcite may 
exhibit anisotropic thermal deformation. During heating, calcite may expand along one 
crystallographic direction while contracting along another, generating incompatible deformation 
between adjacent grains and inducing non-uniform thermal stresses within the rock (Rosenholtz & 
Smith, 1949; Tomás et al., 2025; Wong & Liu, 2025). At relatively low to moderate temperatures (25 
–400°C), thermal expansion may partially close pre-existing pores and microcracks, thereby 
increasing resistance to tensile crack initiation and propagation. This crack-closure effect may explain 
the initial increase in KIc under IT conditions. With further increase in temperature (500 – 600°C), 
however, thermally induced damage becomes progressively more significant (Wang et al., 2025a; 
Wang et al., 2025b). The anisotropic thermal response of calcite enhances stress concentration around 
grain boundaries, pores, and cemented contacts, promoting the initiation and growth of new 
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microcracks. At sufficiently high temperature, partial decomposition of organic components and 
calcium carbonate may further increase pore development and weaken the internal structure of the 
rock. Consequently, after reaching a peak value, KIc decreases because thermal damage gradually 
outweighs the temporary crack-closure effect. 

 
Fig. 3 Measured KIcvalues for TA specimens (blue dots) and IT specimens (green dots). The solid lines represent quadratic 
fitting curves, and the arrows indicate the general trend of each curve. 

By contrast, the monotonic decrease in KIc under TA conditions is mainly associated with the residual 
thermal damage after cooling. During the heating–cooling process, the anisotropic deformation of 
calcite persists, and cooling leads to further incompatible shrinkage and stress redistribution. 
Consequently, microcracks formed during heating may reopen, propagate, or coalesce during cooling, 
while additional cracks may also develop due to differential contraction between adjacent mineral 
grains. The fracture toughness measured at room temperature after thermal treatment therefore mainly 
reflects the cumulative effect of irreversible thermal damage, resulting in a continuous reduction in KIc 
with increasing treatment temperature. In contrast, the TA specimens were held in the muffle furnace 
for 12 h, which is substantially longer than the holding duration used for the IT specimens. This 
prolonged thermal exposure may also be a contributing factor to the lower KIc values observed in the 
TA group, although further investigation is needed to confirm this effect. 

Therefore, the difference between the IT and TA results is mainly attributed to their different thermal 
paths. Direct comparisons between IT and TA conditions remain limited because mechanical testing at 
elevated temperature is technically challenging. Nevertheless, previous studies support this 
interpretation. Hu et al. (2023) reported that the KIc of granite measured at elevated temperature is 
generally higher than that after thermal annealing, owing to the formation and retention of more 
irreversible microcracks during cooling. Similarly, Liu et al. (2020) found that sandstone exhibits 
higher elastic modulus at elevated temperature than after cooling, mainly because pre-existing cracks 
temporarily close during heating. Although these studies concern different rocks and mechanical 
parameters, they consistently show that thermal path strongly affects rock mechanical behavior by 
influencing crack closure, initiation, and accumulation. This agrees with the present limestone results, 
where KIc under IT conditions is higher than that under TA conditions at the same target temperature. 

4 Conclusions 
An enhanced pseudo-compact tension (pCT) apparatus has been employed in this study to investigate 
the mode I fracture toughness (KIc) of limestone under isothermal, high-temperature conditions and to 
compare the results with those obtained after thermal annealing treatment. The results show that the 
thermal stress path has a significant influence on the measured KIc: At the same target temperature, the 
KIc values obtained under TI conditions are consistently higher than those measured under TA 
conditions. Under TI conditions, KIc shows a non-monotonic variation with temperature, first 
increasing and then decreasing, which suggests that the fracture response is controlled by the 
competition between temporary crack closure and progressive thermal damage. Under TA conditions, 
however, KIc decreases monotonically with increasing treatment temperature. This difference is closely 
associated with the carbonate mineralogy of the limestone, which is dominated by calcite. Owing to its 
anisotropic thermal deformation, calcite generates non-uniform thermal stresses during both heating 
and cooling. The cooling stage, in particular, promotes stress redistribution, crack initiation, and crack 
propagation, thereby explaining the continuous reduction in fracture toughness observed in the TA 
specimens. At sufficiently high temperatures, possible decomposition of calcium carbonate may 
further weaken the rock structure. Overall, these results indicate that post-thermal treatment fracture 
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tests cannot directly represent the fracture behavior of limestone at elevated temperature. The thermal 
path must therefore be explicitly taken into account when assessing the fracture initiation and 
propagation of limestone in high-temperature engineering. 
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