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Introduction
Granite shows the ductile behavior at high confining pressure or temperature, whereas the brittle behavior can be observed at low confining pressure or temperature. These kinds of behavior and their transition could be one of the key factors in the development of enhanced geothermal system and disposal of radioactive waste. Therefore, researchers have attempted to replicate this by numerical approaches (e.g. distinct element method (DEM)) in order to investigate the feasibility of development of above-mentioned unconventional geothermal reservoirs. On the other hand, numerical schemes using DEM taking ductile behavior depending on the confining pressure and temperature into consideration have not fully investigated yet, and the numerical approach including their effects is essential for further investigations. In this study, two models for reproducing ductile behavior are proposed: a bi-linear approximation model and a degradation model for DEM. The results of unconfined compression tests at different temperatures and bi-axial compression tests at different confining pressures are verified through examining macroscopic failure patterns, stress-strain curves, and volumetric strain-axial strain curves. This abstract is concluded with their pros and cons.

Methodology
DEM with bonded-particle model (BPM) proposed by Potyondy and Cundall (2004) is used for a series of simulations. As the temperature of the specimen increases and especially over 300℃, granite shows the corresponding strength and Young’s modulus degradation. To reproduce this tendency, the empirical equations are derived in reference to laboratory tests conducted by other researchers and applied to DEM parameters.

1) Bi-linear approximation model
The first model proposed for representing the ductile behaviour of granite is a bi-linear approximation model based on bi-linear-shaped stress-strain curve, which is typically observed in ductile materials and the ductile behaviour of granite at high pressures. By setting both yield point and break point on the bond, the representation of the ductile behaviour is realized. If the stress on the bond reaches the bond yield strength, then the bond will yield, and Young’s modulus of the bond will be degraded to the given value. After the yield of the bond, the bond would accumulate the permanent strain according to loading condition on it. Then, if the stress of the bond reaches the bond break strength, the bond will break, and the behaviour of the ordinary bonded particles by the bond follows ordinary DEM. In the results of unconfined compression tests by Yang et al (2017), the results show drastic changes in stress-strain curves when the temperature of thermal treatment is over 600℃. Therefore, this model is activated only when the temperature is over 600℃ though the threshold can be changed in a simple manner.
2) Degradation model
Degradation model was ordinary developed by Fang and Harrison (2002), but applicable only for finite element method. This time, some modifications are implemented, and the application is extended to DEM. In the newly invented model, the strength and Young’s modulus of the bond would degrade at high confining pressure in accordance with the degradation index calculated from the stress condition when the stress condition of the bond satisfies the bond break criteria. Moreover, they will not degrade at low confining pressure but break when the stress condition of the bond satisfies the bond break criteria.

Results & Verifications 
Two kinds of compression tests: at different temperatures and confining pressures are conducted towards these models. Due to the limitations of space, some of the results are shown in Figure 1. Note that Figure 1 (b) is the results at room temperature after thermal treatments from Yang et al (2017).
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Conclusions
For simulating the ductile behaviour of granite, we proposed a bi-linear approximation model and a degradation model for DEM for comparison. Both models could represent the ductile behaviour of granite well, but some differences in the macroscopic failure pattern are observed between the results from the two models. The advantage of the bi-linear approximation model is the reproducibility, while the disadvantage the necessity of the criteria in the implementation. The advantage of the degradation model is no need of criteria in the implementation, while the disadvantage insufficient reproducibility of the effect from temperature.
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Fig. 11. Axial stress-strain curves for granite specimens after different thermal
treatments.
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