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In the complex landscape of mineral extraction, the structural integrity of a mine is the fundamental
determinant of both operational safety and economic viability. At the heart of this integrity lies the p
illar-a block of in-situ rock left in place to provide support for the overlying strata and prevent the
collapse of underground workings. As the global mining industry shifts from easily accessible
surface deposits to more complex, deeper underground operations, the science of rock
mechanics and the optimization of pillar design have become critical areas of technical focus.

This article provides an in-depth exploration of the engineering principles governing rock pillars,
with a specific focus on crown pillar optimization during the transition from open-pit to
underground mining. We will analyze the empirical methods used for strength estimation, the
impact of blasting on rock mass stability, and the mathematical frameworks that allow engineers to
maintain a balance between resource recovery and structural safety.

The Theoretical Framework of Rock Mechanics in Mining

Rock mechanics is the theoretical and applied science of the mechanical behavior of rock and rock
masses; it is that branch of mechanics concerned with the response of rock and rock masses to
the force fields of their physical environment. Unlike many other engineering materials, rock is disc
ontinuous, inhomogeneous, anisotropic, and non-elastic (DIANE). These characteristics
necessitate a sophisticated approach to design that goes beyond simple structural engineering.

Core Principles of Stress and Strain

In an undisturbed state, rock is subject to in-situ stresses resulting from the weight of the
overlying rock (lithostatic pressure) and tectonic forces. When an excavation is made, these
stresses are redistributed. The rock around the opening must carry the load that was previously
supported by the removed material. If the stress exceeds the strength of the rock mass, failure
occurs. Pillars are engineered to intercept these redistributed stresses and channel them safely to
the floor of the mine.

The Concept of the Rock Mass

Itis crucial to distinguish between a "rock element" and a "rock mass." A rock mass consists of
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intact rock blocks separated by discontinuities such as joints, faults, and bedding planes. The
stability of a pillar is often governed more by the orientation and frequency of these discontinuitie
s than by the compressive strength of the intact rock itself. Engineers utilize classification systems
to quantify this, notably:

- RMR (Rock Mass Rating): Developed by Bieniawski, this system accounts for intact rock
strength, RQD (Rock Quality Designation), spacing/condition of joints, and groundwater
conditions.

- Q-System: Developed by Barton et al., which uses six parameters to describe rock mass
quality and support requirements.

- GSI (Geological Strength Index): Introduced by Hoek, focusing on the visual assessment of
rock structure and surface conditions.

Pillar Classification and Functional Roles

Pillars are categorized based on their geometry, location, and the specific role they play within the
mine layout. Understanding these distinctions is vital for selecting the correct optimization strategy.
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Pillar Type

Crown Pillar

Rib Pillar

Sill Pillar

Barrier Pillar

Location

Between the bottom of an
open pit and top of
underground workings.

Between adjacent stopes

or rooms.

Horizontal pillars between
different levels of a mine.

Along the boundaries of a
mine property or major
panels.
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Primary Function

Prevents surface
subsidence and protects
underground workers from

surface water/debris.

Supports the immediate
roof and controls the span
of the excavation.

Supports the weight of
backfill or broken ore in the

level above.

Protects against massive
regional collapse and

isolates water inflows.
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Design Priority

Vertical stability and
resistance to blasting

vibration.

Width-to-height ratio
optimization.

Bending strength and
shear resistance.

Long-term durability and
extreme load capacity.
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Crown  Pillar Optimization: The  Surface-to-Underground
Transition

One of the most challenging phases in a mine's lifecycle is the transition from open-pit to
underground mining. The crown pillar acts as the critical barrier between these two
environments. As noted in technical case histories, the disturbance effect of surface mine

production blasting on the rock mass above underground workings can significantly alter the pillar's
integrity.

Factors Influencing Crown Pillar Stability

The optimization of a crown pillar involves finding the minimum thickness required to ensure safety
while maximizing the recovery of what is often a high-grade ore body. Key factors include:

1. Geometrical Ratios: The span of the underground stope relative to the thickness of the crown
pillar (T/S ratio).

2. Blasting Vibrations: High-velocity shock waves from surface mining can induce new fractures
or cause slip along existing joints within the pillar.

3. Hydrogeological Conditions: The presence of water reduces the effective stress and can
lubricate joint planes, leading to premature failure.

4. Stress Concentration: As the open pit deepens, the stresses concentrated at the base of the
pit (the top of the crown pillar) increase significantly.

Mathematical Modeling of Pillar Strength

To estimate the strength of hard rock pillars, engineers often rely on empirical formulas derived
from extensive databases of failed and stable pillars. One of the most widely recognized is the Lun
der and Pakalnis (1997) approach, which introduced the Confinement Formula.

Unlike the classic Hedley and Grant power-law formula (Strength = K * W”a / H*b), the Lunder and
Pakalnis method accounts for the internal confinement of the pillar, which is particularly relevant in
hard rock environments. The formula typically follows the structure:

Pillar Strength = UCS * C1 * [C2 * kappa + tan(phi)]
Where:

Application of Rock Mechanics in Hard Rock Mining

Hard rock mining presents unique challenges due to the brittle nature of the material. When a hard
rock pillar falils, it often does so violently through rockbursts or sudden spalling. Practical rock

Page 4 of 8



TECHNICAL GUIDE | TECHNICAL PAPER

engineering requires a blend of analytical calculations and real-time monitoring.

Step-by-Step Design Workflow

1.

Data Collection: Extensive core drilling, logging of RQD, and laboratory testing of intact rock
samples to determine UCS and Young's Modulus.

In-Situ  Stress Measurement: Using techniques like overcoring or hydraulic fracturing to
determine the magnitude and direction of the principal stresses.

Initial Geometry Definition: Setting tentative pillar widths and stope heights based on
equipment requirements and ore body geometry.

Empirical Strength Estimation: Applying the Lunder-Pakalnis or similar methods to determine
the Factor of Safety (FoS). Generally, a FoS of 1.5 is targeted for permanent pillars, while 1.2
may be acceptable for temporary ones.

Numerical Modeling: Utilizing software (such as RS2 or FLAC) to simulate complex geometries
and non-linear rock mass behavior.

Comparison of Empirical vs. Numerical Methods
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Feature

Basis

Complexity

Best For

Limitations

Empirical Methods

Historical case studies and
observations.
Low; can be done in spreadsheets.

Preliminary design and validation.

Site-specific; may not apply to new
geological conditions.
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Numerical Modeling (FEA/FDM)

Mathematical laws of physics and
mechanics.

High; requires specialized software
and expertise.

Complex geometries and stress

interactions.

Highly dependent on the quality of
input data ("Garbage In, Garbage
Out").
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Environmental and Economic Implications

The "Third Pillar" of mining sustainability involves the intersection of economics, safety, and
community impact. Pillar optimization is not merely a technical exercise; it is an economic
necessity. Every ton of ore left in a pillar is potential revenue lost. However, an undersized pillar
can lead to catastrophic failure, resulting in the loss of the entire mine level or even the whole
operation.

Conservation of Resources

Systematic mining aims for the Maximum Economic Recovery (MER). By using rock mechanics
to reduce pillar sizes safely-or by implementing post-pillar mining where backfill provides
secondary support-engineers can significantly increase the extraction ratio. In jointed and faulted
rock masses, as seen in complex districts like the Strath Taieri or East Rand Proprietary Mines, the
use of large dykes as natural pillars is a common strategy to preserve ore-bearing rock.

Safety and Ground Monitoring

Modern rock engineering emphasizes observational design. Because rock mass behavior is
never perfectly predictable, monitoring systems are installed to validate design assumptions. These
include:

Case Study: Transition Challenges in Open-Pit to Underground

In many hard rock mines, the transition phase occurs when the cost of stripping waste rock in the
open pit exceeds the cost of underground development. A critical challenge highlighted in recent
studies is the Stability of the Crown Pillar during Transition. As the underground stopes are
excavated beneath the pit floor, the crown pillar is subjected to unloading (from the pit side) and
loading (from the underground side).

The Role of Blasting Disturbance

Blasting in the open pit creates a "damage zone" that can extend several meters into the crown
pillar. This disturbance effectively reduces the cohesive strength of the rock mass. Technical
analysis suggests that the Disturbance Factor (D) in the Hoek-Brown criterion must be carefully
adjusted based on the proximity of blasting operations. Failure to account for this often results in
"sloughing," where the bottom of the crown pillar progressively falls away, leading to an unplanned
increase in the stope span and eventual collapse.

Troubleshooting Common Failure Modes

Page 7 of 8



TECHNICAL GUIDE | TECHNICAL PAPER

- Stress-Induced Spalling: Occurs in high-stress, brittle rock. Solution: Implement de-stress
blasting or change the pillar shape to a more circular/elliptical profile.

- Structural Failure (Wedge Fall): Occurs when joints intersect to form loose blocks. Solution:
Install cable bolts or rock bolts to "stitch" the joints together.

- Foundation Failure: When the pillar is stronger than the floor or roof rock. Solution: Increase
the pillar footprint to spread the load over a larger area.

Summary of Technical Best Practices

Optimizing pillar strength and rock mass stability requires a multi-disciplinary approach that
integrates geology, physics, and economics. The transition from surface to underground mining, in
particular, demands a rigorous application of crown pillar design principles to mitigate the risks
associated with blasting and stress redistribution.

As we have explored, the use of empirical methods like the Lunder-Pakalnis formula provides a
reliable baseline for design, but these must be supplemented with numerical modeling and
real-time monitoring to account for the inherent uncertainties of the geological environment. By
viewing the rock mass not as a static obstacle but as a dynamic structural component, mining
engineers can ensure the longevity and safety of their operations. The ultimate goal remains a
balance where the "pillars" of the mine-both physical and economic-remain steadfast against the
immense pressures of the deep earth.

The future of rock mechanics lies in the integration of Artificial Intelligence (Al) and Machine
Learning (ML) to analyze seismic data and predict failure events before they occur. As these
technologies mature, the optimization of pillars will move from static design to a dynamic,
responsive process, further pushing the boundaries of what is possible in the field of deep-earth
resource extraction.
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