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Abstract

Deep hydrocarbon reservoirs are situated in complex geological environments characterized by
high in-situ stress, elevated temperatures, and high pore pressures. Understanding the fracture
mechanisms of fluid-bearing rocks is crucial for reservoir fracture prediction and sweet spot iden-
tification. This study utilizes a discrete element fluid-solid coupling approach with PFC2D numeri-
cal simulations to conduct a comparative investigation of rocks saturated with water, oil, and me-
thane (CH4) under triaxial compression. A digital core model was established, incorporating cali-
brated mesoscale mechanical parameters for rock particles and fluid-specific properties (water, oil,
CH4). Experiments were performed under varying confining and pore pressures to systematically
analyze the macro- and meso-scale mechanical responses of fluid-bearing rocks. Key findings reveal
that: (1) Fluid type significantly affects rock compressive strength, with water causing the greatest
reduction in peak stress, followed by oil, while CH4 exhibits the least influence; (2) Confining pres-
sure governs particle displacement mechanisms, where the lubricating effect of water, viscous re-
sistance of oil, and compressibility of CH4 distinctly modulate displacement magnitude and velocity;
(3) Mesoscale fracture patterns are fluid-dependent, with oil-saturated rocks developing more
shear cracks, whereas water- and CHs-bearing rocks predominantly undergo brittle tensile failure.
Force chain distributions further demonstrate fluid-induced variations in network density and ten-
sile chain proportions. These results elucidate the interaction mechanisms between multiphase flu-
ids and rock matrices, offering theoretical foundations for optimizing hydraulic fracturing and en-
hancing sweet spot prediction in deep hydrocarbon reservoirs.
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Figure 1. Schematic diagram of parallel bonding model elements
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Figure 2. Schematic diagram of fluid domain
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Table 1. Mesoscopic parameters of digital core model
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Figure 3. Digital core model
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Table 2. Parameters related to fluid simulation
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Figure 4. Stress-strain curves of rocks containing different fluids
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Figure 5. Particle displacement under low confining pressure and low pore pressure
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Figure 6. Particle displacement under high confining pressure and high pore pressure
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Figure 7. The displacement velocity of particles under low confining pressure and low pore pressure
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Figure 8. The particle displacement velocity under high confining pressure and high pore pressure
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