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Introduction
Rock fractures are central to a wide range of societally important problems, from unconventional energy production to geologic CO2 utilization and storage. The ability to accurately understand and predict the development and propagation of rock fractures are critical to address these problems. Mechanistic computational modeling of rock fractures can greatly contribute to this ability.
The author and his co-workers have been developing phase-field approaches to a variety of rock fracture problems (e.g. Choo and Sun, 2018a,b; Ha et al., 2018). Phase-field modeling has recently emerged as an efficient numerical method for fracture as it enables us to capture complex crack geometry (e.g. kinking, branching, and coalesce) without any algorithmic tracking. However, to apply the method to rock fracture, one encounters several new challenges that do not exist for other materials such as metals. Important examples include (1) the pressure-sensitivity of, and (2) coupled multiphysical processes in rock fracture.
Methodology
To develop a phase-field model appropriate for rock fracture, we have proposed formulations that incorporate pressure sensitivity and coupled multiphysics. In essence, we achieved this by introducing pressure-sensitive plasticity, chemo-hydro-mechanical coupling, and compressible flow. Details of the formulations can be found in Choo and Sun (2018a,b) and Ha et al. (2018). 
Results and Discussion
We present some key results of our model in the two figures below. In Fig. 1, we simulate extension fracture of a rock under different confining pressures. We have found that our phase-field/plasticity model can simulate the transition from extension fracture to hybrid fracture to shear fracture, as observed in the experiments of Ramsey and Chester (2004).
Figure 2 shows the simulation results of fluid-driven fracture, one by liquid CO2 and the other by water (the latter is a typical hydraulic fracture). The rock specimen had a randomly distributed fracture energies. We have found that, for the same rock, liquid CO2 fracturing generates a large number of microcracks that are not created by hydraulic fracturing. The reason is that, because liquid CO2 has a much lower viscosity than water, it gives rise to much higher rates of leak-off and thus pressurize regions far from the matrix. This simulation result is consistent with the findings of the experimental results in Ha et al. (2018).
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Figure 1: Phase-ﬁeld modeling of fracture in pressure-sensitive rocks in Choo and Sun (2018) and its comparison with the experimental results of Ramsey and Chestner (2004). Note that the material parameters for simulation were not calibrated to this speciﬁc experiment.
[image: ]Figure 2: Numerical simulation of the fracturing processes in a heterogeneous rock driven by the injection of liquid CO2 (LCO2) and water. The simulation results reveal that LCO2 fracturing gives rise to much more microcracks as compared with water (hydraulic) fracturing, because of the much more significant leak-off in LCO2 fracturing. Figure from Ha et al. (2018).
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