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Abstract: Hydraulic fracturing is a key technology for the efficient development of unconventional oil and gas
resources. However, fluid pressure diffusion and stress redistribution induced by fluid injection may trigger fault
slip, and seismic events can occur once the slip evolves into unstable failure. Existing studies have primarily focused
on single-stage fracturing or individual large-scale faults, whereas relatively limited attention has been devoted to
the characterization of nonlinear slip behavior and associated seismic magnitude responses of stochastic natural
fracture networks at the full-well scale. In this study, a hydro-mechanically coupled frictional contact finite element
method is developed to investigate fracture slip and induced seismicity during multi-stage hydraulic fracturing. Cou-
lomb frictional contact along fracture surfaces is modeled using a penalty-function approach, while an explicit—
implicit iterative solution strategy is adopted to efficiently capture fracture opening, closure, and shear slip behaviors
throughout the entire multi-stage fracturing process. Based on realistic geological and engineering data, a stochastic
Discrete Fracture Network (DFN) model is incorporated into the numerical framework. The spatiotemporal evolu-
tion of pore pressure and stress fields is analyzed, and the locations and magnitudes of stochastic fracture slip are
quantitatively evaluated. Furthermore, the spatial distribution of induced seismicity and the evolution of energy dis-
sipation are characterized, enabling estimation of the corresponding seismic magnitudes. A regional total seismic
moment index is proposed based on the concept of energy dissipation, and the effects of friction coefficient, in-situ
stress difference, and fracture density on this index are systematically investigated. In addition, the pressure accu-
mulation mechanism between fracturing stages is quantitatively clarified, and the results indicate that it is the pri-
mary driving factor for sustained slip of natural fractures and frequent induced seismic events during multi-stage
hydraulic fracturing. This study provides an effective physics-based approach for evaluating fault slip and seismic
risks induced by full-well hydraulic fracturing operations.
Keywords: fault slip; stochastic discrete fracture network; seismic magnitude; Multi-stage hydraulic fracturing-
induced seismicity
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Fig.2 Finite element calculation flowchart for fracture friction slip.
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Fig.3 (a) Schematic diagram of induced slip near the fault with fluid injection example.

(b) Fluid pressure distribution on day 30.
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Fig.4 Displacement results distribution on day 30: (a) Displacement distribution in the x-direction on day 30. (b)

Displacement distribution in the y-direction on day 30.
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Fig.5 Fault slip distribution curves on day 20 and day 30.
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Fig.6 Schematic diagram of induced slip in the fault

with fluid injection example.
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Fig.7 Curve of fault center slip variation with fluid

pressure.
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Fig.8 Schematic diagram of the study area location (modified from Zhang et al., 2025).
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Fig.9 Spatiotemporal distribution of monitored seismic events (modified from Zhang et al., 2025).
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Fig.10 Segmented statistical chart of induced earth-

quake quantity.
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Fig.11 Spatial distribution characteristics of seismic
records and source mechanism analysis. (Zhang et al.,

2025).
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Fig.12 Schematic diagram of the full-well hydraulic

fracturing-fault zone distribution model.
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Table 1. Hydraulic fracturing model parameters.
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Fig.13 Distribution of slip amounts and seismic events in each region: (a) G1 region, (b) G2a region, (c) Gzs re-

gion.
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Fig.14 Comparison of observed and simulated seismic event distributions in each region: (a) Gi region, (b)

Goa region, (c) Ga region.
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Fig.15 Fluid pressure distribution before and after injection in each seismic region: (a) Gi region, (b) G2a region,

(c) G2 region.
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Fig.19 Time history curve of the total seismic moment

in the G region for fracture stages 1 to 4 under differ-

ent differential stress conditions.
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Fig.20 Schematic diagram of the stress path during fluid injection under different differential stress conditions.
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Fig.21 Time history curve of the total seismic moment

in the G region for injection stages 1 to 4 under dif-

ferent numbers of fractures.
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