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2 Monte Carlo Simulation Process
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3 Hough transform
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7 Breadth First Search (BFS)
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5 Traversal
¢ Depth-first search (DFS)
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Discrete Fracture Network (DFN) Rock masses consist of intact rock and discontinuities such as fractures, which
Discrete Fractal Fracture Network strongly control their mechanical and hydraulic behavior. In sensitive analyses,
(FDFN) including tunnel stability assessment and groundwater inflow simulation,

Injection Pattern

Imamzadeh Hashem Tunnel

Fluid Flow, Optimization Injection
Pattern

uncertainty in fracture network modeling can significantly affect the results.
Accurate characterization of fracture parameters such as orientation, density,
and effective length is therefore essential. Discrete Fracture Network (DFN)
modeling is widely used to represent fractured rock masses. In this study, a
numerical code was developed to generate three-dimensional fracture networks
using both conventional statistical DFN and fractal-based DFN (FDFN)
approaches. Key fracture parameters, including position, density, dip, dip
direction, and length, were simulated in both frameworks. The developed methodology was applied to the Imamzadeh
Hashem tunnel as a real case study. Hydraulic fracture networks were constructed, conductive flow paths were identified,
and an optimal tunnel grouting pattern was designed. The results demonstrate the critical role of fracture geometry
representation in hydraulic analysis and grouting optimization

Introduction

Modeling fracture systems has been a major focus in rock mechanics research over recent decades. Early models
represented fractures as infinite planes with regular or random spacing, whereas more advanced approaches rely on
stochastic descriptions derived from field observations. Groundwater flow around underground structures is particularly
important because water preferentially migrates through highly connected and hydraulically conductive fractures. Many
conventional analytical and numerical methods neglect fracture geometry or assume homogeneous conditions, which
leads to unrealistic predictions of water inflow. This study aims to investigate the influence of fracture geometry and
spatial distribution on groundwater flow paths and tunnel grouting efficiency by incorporating fractal characteristics into
discrete fracture network modeling.

Methodology and Approaches

Discontinuity data from the Imamzadeh Hashem tunnel were analyzed to identify major fracture sets and determine their
statistical properties. Probability distribution functions were fitted to fracture orientation, spacing, and length for each
set. A MATLAB-based code was developed to construct three-dimensional DFN and FDFN models. The fractal
dimension of the fracture network was estimated using the box-counting method and extended from two-dimensional
images to three-dimensional space. Fracture intersections were analyzed, and hydraulically conductive pathways were
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identified using a depth-first search algorithm. Various grouting configurations with different numbers, orientations, and
lengths of boreholes were simulated to determine the optimal injection pattern.

Results and Conclusions

The results indicate that fractal-based fracture networks generate a greater number of hydraulically effective fractures
than conventional statistical DFN models, mainly due to the presence of longer fractures. Consequently, fracture
connectivity and fluid flow potential increase. For the investigated tunnel section, the optimal grouting design required
11 boreholes in the fractal model, compared with 5 boreholes in the statistical model. The maximum effective borehole
lengths were calculated as 3.52 m and 2.94 m for the fractal and statistical approaches, respectively. The study confirms
that incorporating fractal geometry into fracture network modeling improves the realism of hydraulic analysis and
enhances the reliability of tunnel grouting design.
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