.

) <

The University of Osaka
Institutional Knowledge Archive

Deve lopment of a Novel 3D Hydro-Mechanical
Title Simulator Based on Explicit Fracture Models and
Parallel Computing Techniques for Predicting
Hydraulic Fracturing Process

Author(s) |gUH, &XEA

Citation |KFRKZ, 2026, EHIHwRX

Version Type

URL https://hdl. handle.net/11094/105474

rights

POEBBWERHIH D EFMNBEMERINEEL L

e, 2XICRKATZEOHRBDEMNEZ /AL TVWE

Note T, EXDTHAEZ CHEDFZEIE. <a
href="https://www. library. osaka-

u.ac. jp/thesis/#iclosed”> KR KFEDIELERTIC DL

K/ ISREIW,

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



R 3
wmoxX N K o BHOF

K 4 ( @t mw f&KH )

Development of a Novel 3D Hydro-Mechanical Simulator Based on Explicit Fracture Models and Parallel
Computing Techniques for Predicting Hydraulic Fracturing Process
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Hydraulic fracturing is a key process for creating permeable reservoirs in Enhanced/Engineered Geothermal Systems (EGS).
In hydraulic fracturing, high-pressure fluid (e.g., water, COz) is injected to artificially generate or expand fracture networks that
function as an engineered geothermal reservoir. Because fluid pressure drives fracture initiation/propagation, and the created
fractures serve as dominant flow paths whose permeability depends on their aperture, hydraulic fracturing is governed by strong
hydro-mechanical interactions. However, predicting fracture initiation/propagation under realistic three-dimensional (3-D)
field-scale conditions remains challenging due to the complexity of fracturing behavior, the influence of injection fluids,
mechanical properties including mineral-scale heterogeneity, and in-situ stress conditions, as well as the high computational cost
involved. To address these issues, this study developed a fully 3-D hydro-mechanical simulator capable of accurately reproducing
complex fracture behavior under realistic injection conditions during hydraulic fracturing. The simulator employs an extrinsic
cohesive zone model (ECZM), enabling precise simulation of fracture initiation/propagation, including branching, coalescence,
and intersection. An advanced parallel computing technique using multiple general-purpose graphics processing units (GPGPUs)
is implemented to address the substantial computational cost associated with large-scale analyses.

This study follows two main directions: (1) improving the fracture-mechanics model and (2) enhancing the coupled
hydro-mechanical simulator. Chapters 3, 5, and 7 focus on model improvements, while Chapters 4, 6, and 8 develop the
simulator.

In Chapter 1, the thesis’s objectives and content were clearly outlined.

In Chapter 2, the factors influencing hydraulic fracturing, the computational techniques required to account for these factors,
and existing 3-D, field-scale hydraulic fracturing simulators were systematically examined.

In Chapter 3, a new ECZM was developed, replacing conventional adaptive remeshing with a master—slave algorithm, thereby
improving accuracy and enabling efficient parallel computing using a single GPGPU.

In Chapter 4, a coupled hydro-mechanical simulator was developed by applying the ECZM proposed in Chapter 3 together
with a coupling scheme capable of representing realistic injection time scales, to evaluate injection-fluid effects, successfully
reproducing key differences between hydraulic fracturing using water and COz in laboratory experiments.

In Chapter 5, the 2-D ECZM proposed in Chapter 3 was implemented with single-GPGPU parallel computation. The
GPGPU-parallelized ECZM achieved higher accuracy and substantial speedup in benchmark rock-fracturing simulations.

In Chapter 6, a simulator was developed by integrating the coupling scheme from Chapter 4 with the 2-D GPGPU-parallelized
ECZM from Chapter 5, and was further extended to incorporate mineral-scale heterogeneity. Numerical analyses confirmed that
the mechanical properties of rock, particularly mineral spatial distribution, play a critical role in governing fracture behavior.

In Chapter 7, the 2-D GPGPU-parallelized ECZM developed in Chapter 5 was extended to fully 3-D analysis and was further
accelerated using multi-GPGPU parallel computation, enabling large-scale simulations of complex fracture processes.

In Chapter 8, a hydraulic fracturing simulator was developed using the 3-D multi-GPGPU-parallelized ECZM introduced in
Chapter 7, combined with a multiphase-flow scheme capable of modeling CO>—water interactions. Predictive simulations
assuming actual field operations were conducted, and the results provided key field-scale insights, confirming the effectiveness of
water-assisted COz fracturing as a combined approach that integrates the advantages of both CO2 and water fracturing methods.

In Chapter 9, the main conclusions and recommendations for future work were summarized.
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