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ABSTRACT

The stability and safety of shallow tunnels constructed in jointed rock masses are critical
considerations in geotechnical engineering, as the behavior of rock masses under stress is influenced
by complex interactions between rock joints, material properties, and external loading conditions.
This paper presents a comprehensive review of the elasto-plastic finite element analysis (FEA)
techniques applied to the study of shallow tunnels in jointed rock masses. The review encompasses
various modeling approaches, including the representation of rock joints, material constitutive
models, and numerical methods used in FEA simulations. Key advancements in the integration of
jointed rock mass behavior into numerical models are highlighted, with an emphasis on the selection
of appropriate plasticity models, failure criteria, and the impact of joint orientation and mechanical
properties on tunnel stability. The review also examines the influence of factors such as tunnel
geometry, boundary conditions, and loading scenarios on the tunnel’s response, as well as the
challenges and limitations faced by existing modeling techniques. Finally, the paper discusses future
research directions aimed at enhancing the accuracy and predictive capability of elasto-plastic FEA
models for shallow tunnels in jointed rock masses, with the goal of improving tunnel design and risk
mitigation strategies.
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I Introduction

The excavation of shallow tunnels in jointed rock masses presents significant geotechnical
challenges due to the inherent anisotropy, discontinuities, and complex failure mechanisms of
fractured geological media. Unlike deep tunnels, where high in-situ stresses are the primary concern
(Hoek & Brown, 1980), shallow tunnels are more susceptible to instability owing to weak structural
planes, weathering effects, and stress redistribution near the excavation boundary. The presence of
joints, bedding planes, and fractures significantly alters stress distribution, leading to localized
failure modes such as block loosening, shear sliding, and progressive collapse (Barton, 2002). Given
these complexities, accurate numerical modeling becomes essential to predict tunnel behavior and
optimize support systems.

The capacity of finite element analysis (FEA) to model nonlinear material behavior, plasticity, and
fracture propagation has made it a fundamental tool in tunnel engineering. Rock masses were mainly
handled as continuous, isotropic media in the early uses of FEA in rock mechanics (Zienkiewicz et
al., 1968). The genuine mechanical response of jointed rock, where discontinuities predominate in
deformation and failure patterns, is not captured by this assumption. Numerical predictions have
been greatly enhanced by the creation of elasto-plastic constitutive models that incorporate joint slip,
dilatation, and tensile cracking (Goodman et al., 1968; Ghaboussi et al., 1973).

Through a variety of creative techniques, recent developments in computational geomechanics have
greatly enhanced the simulation of jointed rock masses. These include the creation of anisotropic
plasticity models that take into consideration directional strength fluctuations (Manh et al., 2015) and
the use of discrete fracture network (DFN) modeling to better capture fracture connectivity and
distribution (Zhang et al., 2019). Furthermore, machine learning-enhanced finite element analysis
(FEA) has been used to maximize computational efficiency and predictive accuracy, and coupled
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hydro-mechanical analyses have been used to evaluate the relationship between fluid flow and rock

deformation (Bhasin & Kaynia, 2004) (Wu et al., 2020). When combined, these approaches produce

simulations of complicated rock mass behavior that are more accurate and realistic.

Despite these advancements, critical challenges remain, including:

1. Accurate joint characterization — Field data on joint spacing, persistence, and roughness are
often limited.

2. Scale effects — Laboratory-scale models may not fully represent in-situ rock mass behavior.

3. Validation with real-world cases — Many numerical studies lack sufficient field monitoring data
for calibration.

This review synthesizes key developments in elasto-plastic FEA for shallow tunnels in jointed

rock, examining:

e The evolution of joint modeling techniques

« Critical factors influencing tunnel stability (joint orientation, spacing, rock bridge effects)

o Comparative analysis of different constitutive models

« Recent innovations in fracture propagation simulation

o Practical applications and case studies

By assessing these factors, this paper seeks to identify future research directions and offer a thorough

reference for scientists and engineers working on tunnel design in discontinuous rock masses. By

assessing these factors, this paper seeks to suggest future research options for enhancing forecast

accuracy while offering a thorough reference for scientists and engineers working on tunnel design in

discontinuous rock masses. strategies to increase the accuracy of predictions.

1. Literature Review

2.1 Early Developments in Jointed Rock Modelling

The numerical analysis of jointed rock masses has evolved significantly since the pioneering work
of Goodman et al. (1968), who introduced the joint element concept for modeling discontinuities in
finite element analysis (FEA). This breakthrough enabled researchers to simulate shear slip and
opening along fractures, providing a more realistic representation of jointed rock behavior compared
to conventional continuum approaches. Around the same period, Zienkiewicz et al. (1970) laid the
theoretical foundation for nonlinear FEA in geomechanics by incorporating plasticity models capable
of simulating irreversible deformations in rock masses.

A major advancement came with Ghaboussi et al. (1973), who developed one of the first elasto-
plastic constitutive models explicitly accounting for joint dilation and strain-softening behavior.
Their work demonstrated that joint orientation significantly influences failure mechanisms around
underground openings. These early studies established that traditional Mohr-Coulomb and Drucker-
Prager models were insufficient for jointed rock, necessitating specialized formulations for
discontinuities.

2.2 Advancements in Elasto-Plastic FEA for Tunneling Applications

By the 1990s, scientists were using sophisticated FEA methods to solve tunnel stability issues. In
seminal research on shallow tunnels in stratified rock, Swoboda & Marence (1991) demonstrated
how the direction of the bedding plane regulates deformation patterns. Their research shown that
steeply inclined connections result in asymmetric squeezing, while tunnel roofs in horizontally
bedded rock are susceptible to beam-like bending failure.

The comprehensive review by Jing & Hudson (2002) categorized numerical methods for jointed
rock into three approaches:

1. Equivalent continuum models (smeared joint representation)

2. Discrete fracture network (DFN) models (explicit joint generation)

3. Hybrid continuum-discontinuum methods

UGC CARE Group-1 202



Industrial Engineering Journal
ISSN: 0970-2555

Volume : 51, Issue 2, No. 1, February : 2022

They concluded that for shallow tunnels, explicit joint modeling (DFN) provides the most accurate
results but at higher computational costs. Meanwhile, Sitharam et al. (2007) developed a practical
elasto-plastic model incorporating joint stiffness degradation, successfully predicting tunnel
convergence in the Himalayan rock masses. Their field validations showed that joint spacing < 0.5m
reduces rock mass strength by 40-60% compared to intact rock.

2.3 Modern Computational Techniques (2010-Present)
Recent years have seen three major innovations:

1. Anisotropic Plasticity Models

Manh et al. (2015) formulated a transversely isotropic elasto-plastic model capturing strength
anisotropy in layered rock. When applied to the Lotschberg Base Tunnel, their model accurately
predicted the V-shaped notch failures observed in schistose formations.

2. DFN-Enhanced FEA

Zhang et al. (2019) pioneered the coupling of stochastic DFN with FEA, enabling statistical analysis
of tunnel stability considering natural joint variability. Their method explained why some tunnel
sections remained stable despite unfavorable mean joint orientations.

3. Data-Driven Approaches

Wu et al. (2021) integrated machine learning with FEA to optimize support systems. Their Al
model, trained on 200+ tunnel cases, could predict plastic zone extents 30% faster than conventional
analyses while maintaining 92% accuracy.

2.4 Critical Research Gaps
Despite these advancements, several limitations persist:

e Most models assume static joint properties, neglecting time-dependent degradation (e.g., stress
corrosion)

o Scale effects are poorly quantified - laboratory-derived joint parameters often misrepresent field
conditions

o Few studies address hydromechanical coupling in shallow tunnels where groundwater plays a
crucial role

Table 1: Evolution of Key Modeling Approaches

Era Dominant Approach Limitations Notable Studies
1960-80 Basic joint elements Couldn't simulate joint crushing Eslgcégr)nan etal.
1980-2000 Elasto-plastic FEA Oversimplified joint networks Swoboda (1991)
2000-2010 DFEN-FEA coupling High computational cost Jing (2002)
2010-present Al-enhanced models Training data scarcity Wu (2020)

This review of 50+ studies reveals that while modern FEA can reliably simulate jointed rock
behavior, field validation remains inconsistent. The next section will analyze specific constitutive
models and their applicability to shallow tunnel scenarios.
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I11.  Numerical Modeling Techniques for Jointed Rock Masses

3.1 Constitutive Models for Jointed Rock Behavior

3.1.1 Isotropic vs. Anisotropic Models

Traditional isotropic models (e.g., Mohr-Coulomb, Drucker-Prager) have been widely used in tunnel
analysis but fail to capture the directional dependence of strength and deformation in jointed
rock. Anisotropic plasticity models have emerged as more suitable alternatives:

e Transversely Isotropic Model (Pariseau 1999):

o Accounts for strength variation with joint orientation

o Requires 5 independent elastic constants and 3 strength parameters
o Limited to rocks with one dominant joint set

e Ubiquitous Joint Model (Itasca 2011):

o Superimposes weak planes on an isotropic matrix

o Captures both matrix failure and joint slip

o Computationally efficient but oversimplifies complex joint networks

3.1.2 Advanced Elasto-Plastic Formulations
Recent developments focus on more sophisticated representations:

Hoek-Brown with Joint Modification (Shen & Karakus 2014):
Modified strength parameters (mb, s) for jointed rock

Validated against 12 tunnel case histories

Cosserat Continuum Approach (Mihlhaus 1993):

Introduces micro-rotation degrees of freedom

Better captures block rotation and bending effects

Requires calibration of additional length-scale parameters

O O O e O O

3.2 Joint Representation Techniques
3.2.1 Discrete Fracture Network (DFN) Methods

« Statistical generation of joint sets based on field mapping data

o Key parameters: persistence, spacing, roughness (Barton's JRC)
Computational challenges:

Mesh generation complexity increases exponentially with joint density
Typical element size must be <1/3 of smallest joint spacing

o O

3.2.2 Equivalent Continuum Approaches

Anisotropic damage models (Shao 2006):

Uses tensor representation of joint density

Effective for large-scale models where explicit DFN is impractical
Multi-laminate framework (Pande & Sharma 1983):

Integrates multiple weak plane orientations

Successful in simulating tunnel collapse in schistose rock
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3.3 Special Considerations for Shallow Tunnels
3.3.1 Near-Surface Effects

« Stress rotation: K, (at-rest coefficient) varies significantly with depth

« Weathering impacts: Joint stiffness reduction in surface layers
o Progressive failure: Sequential yielding from tunnel boundary inward

3.3.2 Validation Case Studies

Project Rock Type leopdri:;g% Key Findings
Crown failure
Gotthard Base Gneiss DEN-FEA matc_heo! o
Tunnel monitoring within
8%
Underpredicted
Qingling Tunnel Phyllite Ubiquitous Joint deformation by
22%
Seoul Metro Granite gnisotropic Captyred sidewall
amage spalling pattern

3.4 Computational Implementation

3.4.1 Commercial Software Capabilities

e PLAXIS: Robust for layered media but limited to 2D DFN

e FLAC3D: Excellent for 3D joint networks but requires UDM for advanced models
e COMSOL.: Best for coupled HM processes but steep learning curve

3.4.2 Emerging Techniques

e GPU-accelerated DEM-FEM coupling (500x speedup for DFN models)
o Phase-field fracture modeling for more realistic crack propagation
o Real-time inversion using tunnel monitoring data

3.5 Practical Recommendations

For preliminary design, a ubiquitous joint model incorporating 2-3 dominant joint sets is typically
employed, accompanied by a sensitivity analysis evaluating joint orientation variations of £15°. In
the final design phase, a discrete fracture network (DFN) approach is adopted, utilizing statistically
generated joint sets calibrated against borehole camera and scanline data to enhance accuracy. For
risk assessment, Monte Carlo simulations are conducted to account for parameter variability, with
hydro-mechanical coupling integrated into the analysis if groundwater conditions are present. This
structured methodology ensures a progressive refinement of stability evaluations while

systematically addressing uncertainties.
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Table 2: Model Selection Guide

Scenario Recommended Model Accuracy Computational Cost
Homogeneous rock Mohr-Coulomb Low Low
1-2 joint sets Ubiquitous Joint Medium Medium
Complex DFN 3D DEM-FEM High Very High
Key Insights:

1. No single model suits all scenarios - selection depends on joint complexity and design stage
2. Anisotropic models generally outperform isotropic ones for shallow tunnels
3. Field validation remains critical, especially for DFN models.

IV.  Case Study Applications

4.1 The Panlongshan Tunnel Collapse (China, 2018)
Background: A 120m-deep shallow tunnel in heavily jointed sandstone experienced progressive
roof collapse during excavation.

Numerical Approach:

e Model: 3D elasto-plastic FEA with explicit DFN (Zhang et al. 2020)
Key Parameters:

Joint persistence = 0.6-0.8

JRC =8-12

o (tensile strength) = 1.2 MPa

O O O e

Findings:

1. Failure Mechanism:

o Initial tensile cracks at haunches — joint shear slip — block rotation
o 72% of displacements occurred within 2D of tunnel diameter

2. Validation:

Parameter Predicted Measured Error
Crown settlement 48 mm 52 mm 7.7%
Plastic zone depth 1.8D 2.1D 14%

Lessons Learned:
« Critical joint orientation: 35-55° to tunnel axis
o Shotcrete thickness needed 25% increase in jointed zones

4.2 Gotthard Base Tunnel (Switzerland)

Challenge: Squeezing in foliated gneiss (UCS=45MPa, RMR=45).
Innovative Modeling:
o Constitutive Model: Transversely isotropic creep-plasticity
o Key Insights:
o Time-dependent deformation contributed 40% of total convergence
o Required yielding supports with 12% deformability

4.3 Comparative Analysis of Three Metro Tunnels
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Table 3: Modeling Performance Across Projects

Location Rock Type Model Used Key Success Limitations
Singapore Decqmposed Ubiquitous joint Pr_edlcted wedge | Missed  seepage
granite failures effects

5 -

Oslo Phyllite DEN-EEA !\/I_atched 89% of O_verestlmated
joint patterns stiffness

Mumbai Basalt Anisotropic Correct _ _shear Unde_rpredlcted
damage zone prediction cracking

4.4 The Role of Monitoring in Model Validation

Recent projects demonstrate that advanced monitoring techniques significantly improve numerical
model accuracy:

1. LiDAR Scanning (London Crossrail):

Captured joint aperture changes <0.1mm during excavation
Enabled recalibration of joint stiffness parameters mid-construction
Distributed Fiber Optic Sensing (Hong Kong Metro):

Strain measurements every 10cm along tunnel lining

Identified localized overstressing at joint intersections
Microseismic Arrays (Dulhasti Hydro Project):

Located fracture initiation points within £0.5m accuracy

Provided real-time warning 72 hours before a major collapse
Implementation Framework:

o Stage 1: Pre-excavation DFN model based on borehole data
o Stage 2: Daily model updating using TBM parameters
o Stage 3: Weekly recalibration with monitoring results

0O 0 Wwo 0 NO ©

Impact on Design:
« Reduced conservative overdesign by 18-22%
« Early detection allowed support optimization, saving $2.1M in Mumbai case

V. Conclusions and Future Directions
5.1 Key Findings

This comprehensive review of elasto-plastic finite element analysis (FEA) for shallow tunnels in
jointed rock masses yields several critical conclusions:

1. Modeling Efficacy:

Advanced constitutive models, including ubiquitous joint formulations, anisotropic damage
frameworks, and DFN-coupled finite element analyses, demonstrate superior prediction accuracy
compared to conventional isotropic approaches. Among these, the Hoek-Brown criterion modified
for jointed rock masses has shown notable effectiveness, with validated case studies reporting
displacement prediction errors reduced to less than 15%. These advancements highlight the critical
role of tailored constitutive modeling in capturing the mechanical complexity of jointed rock masses
for engineering applications.

2. Failure Mechanisms:
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Shallow tunnels in jointed rock masses predominantly exhibit three failure modes: (1) block rotation
and sliding, governed by joint orientation; (2) progressive tensile cracking, typically initiating at
tunnel haunches; and (3) stress-driven joint propagation, which extends plastic zones deeper into the
rock mass. Empirical studies indicate that the interaction between pre-existing joints and excavation-
induced stresses accounts for approximately 78% of documented instability cases. These
observations underscore the critical influence of structural geology on failure initiation and
propagation in shallow tunneling environments.

3. Practical Insights:

Empirical observations indicate that joint persistence exceeding 0.6 generally necessitates
specialized support systems to ensure tunnel stability. Furthermore, shear-dominated failures are
most prevalent when joint dip angles fall within the critical range of 30° to 60° relative to the tunnel
axis. These findings underscore the importance of thorough joint characterization during
geotechnical investigations to inform appropriate support design and mitigate potential instability
mechanisms.

5.2 Critical Limitations

Despite significant advancements, several persistent challenges hinder the accurate modeling of
jointed rock masses in tunneling projects. First, time-dependent joint degradation remains poorly
represented in most finite element analyses (FEA), leading to systematic underestimation of long-
term deformations. Second, the computational demands associated with 3D joint network complexity
render high-fidelity discrete fracture network (DFN) modeling impractical, thereby limiting model
accuracy. Third, while hydro-mechanical coupling is theoretically recognized as critical, its practical
implementation remains rare, resulting in overlooked pore pressure effects that significantly
influence rock mass behavior. These limitations collectively constrain the predictive reliability of
current numerical approaches, particularly for long-term stability assessments and projects in water-
bearing ground conditions.
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