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Working to meet

South Africa is home to one of the world’s leading mining industries.
However, this sector faces widespread sustainability challenges.
To revitalise the industry, South Africa must invest in technological

advancements to enable safer and more productive mining. Given
the unique geological and socio-political position of our mining
industry, local solutions must be found to the challenges we face.

The Department of Mining Engineering at the
University of Pretoria positions its teaching and
research endeavours to address the country’s
unique mining challenges. In particular, our
researchers form part of a small cohort of
scientists seeking to understand the behaviour
of the rock mass around the country’s deep
tabular excavations, and to find solutions to this
problem. The Department’s vision comprises
several key elements:

FOCUSING ON DEVELOPING
INNOVATIVE RESEARCH SOLUTIONS IN
ROCK ENGINEERING

Our research focuses particularly on aspects
such as pillar design for tabular layouts,
numerical methods to simulate the geometries,
and methods to mechanise the mines and
improve their productivity. New problems that
will be tackled are multi-reef mining in the
Bushveld Complex and the design of barrier
pillars in these mines. No in-depth studies have
been performed on these aspects in the past.

GROWING EXPERTISE IN MINE PLANNING,
OPEN-CAST MINING AND THE OPTIMISATION OF
MINING PROCESSES

We are committed to the development of younger staff members
in their pursuit of doctoral studies. We are also committed to
expanding knowledge capacity through the appointment of
industry staff as extraordinary lecturers and extraordinary
professors.

PRODUCING THE NEXT GENERATION OF TECH-SAVVY
MINING ENGINEERS

The Department engages in the ongoing development of its
curriculum and interaction with the industry to determine national
needs in terms of graduate skills.

INTERACTING WITH VARIOUS STAKEHOLDERS TO
ENSURE AN IMPROVED ENROLMENT OF GOOD
STUDENTS

The Department, in collaboration with industry stakeholders,
strives to make studies in the mining industry a more attractive
option for students. This includes advocating for mining education
and the marketing of its importance in schools and universities.
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AFRIROCK 2025 CONFERENCE PAPERS

Rockbolts in shear
by G. Knox, J. Hadjigeorgiou . . ... ..o oot

This paper reviews published results obtained from two facilities testing the behaviour of rockbolts in shear as opposed to rockbolts
under axial loading conditions, i.e., the SINTEF rockbolt pull test rig in Trondheim, Norway and the Epiroc Combinations Shear
and Tensile test rig in Johannesburg, South Africa. Three distinct responses of rockbolts in shear were identified. The behaviour

under load is controlled by the presence or absence of an encapsulation medium (resin/cement grout), the reinforcement mechanism,

and whether the rockbolt is continuously or discretely captured.

The role of stress and geology on the design of block cave mining sequences and layouts - a case study
by T. Mtshali, N.M. Chiloane, B. Makgate, T. Chauke, EK. Mulenga, V.C. Madanda, T. Moyane, R.B. Khumalo..............

This paper explores the influence of stress and geological features on the design of the mine from the feasibility study phase.

The study found that, while production rate is the primary operational consideration, the long-term layout design of the undercut
face advance, face angle, draw point spacing, and undercutting sequence is mainly governed by the stress orientation and major
geological structures. The results also provide insight into how operations can leverage stress distribution to optimise mine layout
and safety in massive mining methods.

Review of quality assurance methods for hydro-powered resin bolting
DY TP Gouvea, W. Geel . . ..ottt et e

Resin bolting in South Africa has been developed and refined in underground coal mines (i.e., soft rock) since the late 1940s.
This paper assesses the quality and performance of hydro-powered resin bolting at an intermediate to deep level platinum mine
in South Africa and its potential contribution to rock-related instabilities when applied erroneously. The findings of this paper
necessitate a revision of current quality control and quality assurance measures related to resin bolting for underground support.

Rockburst risk management in deep hard rock mines: A multi-tiered approach with dynamic ground support as the last
line of defense
DY B SIIIISET. . ettt et e e

Rockbursting around underground excavations continues to be a core risk for many deep mining operations. Rockburst case
studies dating back to the late 1990s are used to highlight risk factors and risk mitigation (tactical and strategic). A “sieve”
analysis based on mine incident reports is used to show how a multi-tiered risk management plan can lower exposure to violent
ground failures. Thoughts on future/current developments, and their strategic importance are presented.

Application of the boundary element method for numerical modelling of the seismic hazard at Bambanani gold mine
in South Africa
by J. Gerber, N. de KoKer, Y JOOSEE. . . o . v ettt ettt ettt e et e et e e

This paper presents a novel application of the boundary element method for numerical modelling of the seismic activity and
hazard that is associated with the shaft pillar extraction at Bambanani mine in South Africa. The modelling results are presented
as time history analyses of modelled potency from 1 January 2010 to 30 June 2022 and normalised exceedance rates for different
mining periods using an upper-truncated power law. Results suggest that the modelling methodology is appropriate for medium-
and longer-term forecasting of seismic activity and hazard. Shorter-term forecasting is not considered.
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yournd! Pioneering progress: The future of
rock engineering

“Pioneering progress: The future of rock engineering, held at the Sun City

Hotel and Casino in Rustenburg from 19 to 23 July 2025. The conference
was an absolutely resounding success. This prestigious international event
brought together rock engineering professionals, researchers, and industry
leaders from across the globe to share knowledge, exchange ideas, and
showcase innovations that are shaping the future of mining both on the
African continent and worldwide.

It was our great pleasure to welcome delegates to AfriRock 2025, themed

Two pre-conference workshops were held ahead of the formal
proceedings—one focused on pillar design and the other on stress measurements—setting the tone
for an engaging and technically rich event. We were honoured to host distinguished keynote speakers,
each contributing unique expertise and insight. In addition to the keynote addresses, the symposium
featured a robust programme of technical papers presented by industry professionals, consultants, and
researchers. Technical slope stability papers published in the special edition of the SAIMM Journal
(August 2025) were also presented at the conference, reinforcing the academic and practical depth

of AfriRock 2025. Following the formal proceedings, technical visits to gold, platinum, diamond,

and copper mines were organised, offering delegates the opportunity to experience innovative rock
engineering practices in action. Complementing the technical programme, social events held at the
end of each day provided valuable opportunities for attendees to network in an informal and engaging
setting.

Conferences like AfriRock 2025 play a vital role in advancing our industry by fostering
collaboration, professional growth, and the dissemination of cutting-edge technologies and best
practices. The discussions and presentations throughout the event highlighted the importance of
continuous learning, sustainable design, and the application of modern geotechnical methods to meet
the evolving challenges faced by the mining environment.

We extend our sincere gratitude to everyone who contributed to making this conference a
success—our keynote speakers, paper authors, reviewers, exhibitors, and sponsors. Their dedication,
time, and expertise formed the foundation of this achievement. A special note of appreciation goes to
the Technical Paper Review Committee and the Organising Committee, comprising members of the
South African National Institute of Rock Engineering (SANIRE) and the Southern African Institute of
Mining and Metallurgy (SAIMM), for their commitment and hard work in delivering an exceptional
international conference.

K. Le Bron
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cdents Navigating the Identification of
i Engineering Work— a call for
professional registration

Work (IDoEW) being developed by the Engineering Council of South

Africa (ECSA). It was only after attending an ECSA presentation recently,
engaging in discussions, and conducting further research that I came to
appreciate the far-reaching impact this initiative will have on the engineering
profession and particularly on the mining industry.

When I graduated as a civil engineer, I understood the importance of
registering as a Professional Engineer (Pr. Eng.) with ECSA to be able to take
accountability for the design, construction, supervision, and certification of
civil engineering projects where failure could result in loss of life or significant
damage. This model of professional oversight mirrors other regulated
disciplines such as law, medicine, accounting, and architecture, ensuring
competence, accountability, and ethical conduct.

The IDoEW framework now formalises these same principles across all branches of engineering.

The IDoEW framework

After many years of consultation, ECSA finalised the IDOEW framework in March 2021 and published the
rules in the Government Gazette on 26 March 2021 under Section 26 of the Engineering Profession Act 46
of 2000.

The framework defines which categories of engineering work must be performed or supervised by
registered professionals, whether professional engineers (Pr. Eng.), professional engineering technologists
(Pr. Tech Eng.), professional engineering technicians (Pr. Techni Eng.), or professional certificated
engineers (Pr. Cert Eng.). This applies across all disciplines, including mining, mechanical, civil, electrical,
metallurgical, chemical, control and instrumentation, and industrial engineering.

While full implementation was initially planned for March 2024, the compliance deadline was extended
to April 2025 to allow industries sufficient time to align their structures, policies, and personnel.

For a while now, I have been aware of the Identification of Engineering

Implications for the mining industry

Compliance is now a legal requirement for anyone performing identified engineering work under the
Engineering Profession Act 46 of 2000. Historically, ECSA registration levels in the mining sector have been
low, meaning a concerted effort will be required to achieve full alignment.

Typical mining activities falling within “identified engineering work” include:

« Mine design and planning — shafts, slopes, stopes, and ventilation systems.

o Life-of-mine (LoM) planning and production optimisation.

« Mineral project evaluation and valuation.

« Rock engineering and geotechnical design.

o Infrastructure, equipment design, maintenance, and process-plant engineering.

Mining companies must ensure that such work is executed or signed off by registered professionals,
and that unregistered staff perform their duties under appropriate supervision. This may require upskilling
programmes, policy revisions, and the integration of registration status into recruitment, role descriptions,
and career development frameworks.

Non-compliance constitutes a statutory offence. In terms of Section 41 of the Act, offenders may
face fines of up to double the professional fee earned, penalties equivalent to three years’ imprisonment,
or disciplinary action. The message is clear — engineers must be registered and must maintain their
registration.
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President’'s Corner (continued)

Alignment with the Mine Health and Safety Act (MHSA)

It is important to note that compliance with the IDOEW does not replace or override the statutory
obligations of the Mine Health and Safety Act (MHSA). The two frameworks operate in parallel, each
addressing a different but complementary aspect of professional accountability.

Under the MHSA, certain key roles, such as mine manager, section engineer, and rock engineer,
require a Certificate of Competency or “ticket” issued by the Department of Mineral Resources and Energy
(DMRE). These legal appointments ensure operational safety and compliance with mining legislation.

The IDoEW, on the other hand, governs the professional accountability for engineering design, analysis,
and technical decision-making, requiring registration with ECSA. In many cases, both credentials may be
necessary, for example, a section engineer responsible for the design, operation, and maintenance of mining
systems may need both a DMRE certificate (to satisfy MHSA legal appointment requirements) and ECSA
registration (to perform and sign off identified engineering work under the Engineering Profession Act).

In practice, mining companies should assess each role to determine whether a legal appointment,
professional registration, or both are required, ensuring that accountability and competence are fully covered
across operational and engineering domains.

How SAIMM supports compliance

As a recognised voluntary sssociation (VA) under ECSA, the SAIMM is well positioned to assist the mining
industry in managing this transition. Our support includes:

1. Information and awareness - publishing updates, articles, and hosting seminars to clarify IDOEW
requirements.

2. Mentorship and facilitation for registration - connecting candidate engineers with experienced
mentors through our networks and the Young Professionals Council (YPC) and assisting members
with the registration process.

3. Liaison and advocacy - engaging directly with ECSA on behalf of our members to address mining-
specific issues and ensure practical implementation.

4. Continuing professional development (CPD) - offering accredited events, conferences, and courses.
Registered professionals must accumulate 25 CPD credits every five years; SAIMM membership
earns one credit per year, and participation in committees or volunteer activities also qualifies.

Corporate partnership with SAIMM extends these benefits to company professionals, providing access
to technical programmes, mentoring support for registration, and structured CPD pathways.

A call to action
Every engineer, technologist, and technician involved in identified work must ensure that they are registered
or actively working toward registration. Maintaining professional standing through ongoing CPD will be
equally important.

The introduction of the IDOEW marks a major step forward in strengthening South Africa’s engineering
standards and safeguarding the public interest. The SAIMM remains committed to supporting our members
and the broader mining industry through this critical evolution in professional practice.

G.R. Lane
President, SAIMM
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Rockbolts in shear

by G. Knox', J. Hadjigeorgiou'

Abstract

There is a considerable wealth of information on the behaviour of rockbolts under axial
loading conditions both in situ and under controlled laboratory conditions. However, there is
comparably less data on the behaviour of rockbolts in shear. Several authors have contributed
to the understanding of the behaviour of conventional rockbolts’ performance under shear
loading. Much of this data have been gathered through experimental programmes conducted
on sections of the rockbolt. Considering the continuous coupling between the rockbolt and
borehole interface, the approach is justified. Due to the design premise of energy-absorbing
rockbolts with discrete couplings, full scale testing is required to quantify the behaviour of the
rockbolts.

This paper reviews published results obtained from two testing facilities, which are the
SINTEEF rockbolt pull test rig in Trondheim, Norway and the Epiroc Combinations Shear and
Tensile test rig in Johannesburg, South Africa, both capable of conducting full scale testing of
rockbolts. Based on this high-quality database it was possible to identify three distinct responses
of rockbolts in shear. The behaviour under load is controlled by the presence or absence of an
encapsulation medium (resin/cement grout), the reinforcement mechanism, and whether the
rockbolt is continuously or discretely captured. As a reference the results are compared to the
performance in shear of conventional grouted rockbolts.

Keywords

rockbolts, shear loading, conventional fully encapsulated, energy-absorbing, full scale
laboratory testing

Introduction

Ground support is routinely used to maintain the integrity of underground excavations in rock for both
mining and civil engineering applications. These include providing access to an ore deposit (mining),
developing transportation routes, or storage caverns (civil). The design of an effective ground control
system considers both the local ground conditions and anticipated loading conditions. In addition, it is
important to ensure the compatibility between different ground support elements and aerial coverage.
Recognising that there are multiple ground support options, it is convenient to design for “normal” and
“challenging or extreme” ground conditions (Hadjigeorgiou, 2023).

From a design perspective it is important to quantify the capacity and demand of ground support
elements both as units and as a system. The focus of this paper is on improving our understanding of
the load, deformation, and energy capacity of rockbolts subjected to shear loading. In this context the
location, direction, and rate of loading are considered as controlled variables.

Early work in trying to understand the behaviour of reinforcement was based on small scale
experimental programmes conducted on sections of a reinforcement element (Bjurstrom, 1974;

Haas, 1976; Dight, 1982; Ludvig, 1984; Spang, Egger, 1990; Ferrero, 1995; Grasselli, 2005; Jalalifar,
Aziz, 2010; Li et al., 2016). Arguably, this approach can be justified for most conventional rockbolts
due to the continuous coupling between the rockbolt, chemical anchor, and borehole. In the case of
energy-absorbing rockbolts, used in extreme ground conditions, this is clearly inappropriate and any
results from small scale partial tests can be misleading. Under these conditions a full-scale test is more
appropriate due to the discrete coupling and relationship between the length of the rockbolt and its
performance capacity.

Currently, there are two testing facilities, which have the capacity to conduct full scale testing of
a rockbolt, that being the SINTEF rockbolt pull tester in Trondheim, Norway (Stjern, 1995) and the
Epiroc Combination Shear and Tensile Tester in Johannesburg, South Africa (Knox, Hadjigeorgiou,
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2022). Several contributions have been made to demonstrate the
effect of both conventional and energy-absorbing rockbolts to shear
loading (Stjern, 1995; Chen, Li, 2015a; Hagan et al., 2019; Knox,
Hadjigeorgiou, 2022, 2023, 2024a, 2024b; Kouhia et al., 2024).

Li et al. (2014) compared the behaviour of several conventional
rockbolts under shear loading. Most of the data, however, were
from a single source, the experimental programme conducted by
Stjern (1995). Consequently, the shear behaviour of most energy-
absorbing rockbolts was not included due to the limited applications
at the time of the experimental programme by Stjern (1995).

This paper presents a review of five rockbolt types, comparing
the shear and tensile performance using the single shear method.
Within the selected five rockbolt types two anchoring methods
are represented. Three distinct rockbolt responses were identified
within the sample set, providing insight into the behaviour of the
rockbolts under shear loading conditions.

Rockbolts in shear

There are several examples where rockbolts are subjected to a
combination of shear and tensile loading at multiple points along
the length of the rockbolt both under static and dynamic loading,
as illustrated in Figure 1. The observed mode of failure highlights
the interaction between the rockbolt and the rock mass, resulting
in bending of the rockbolt prior to rupture. This phenomenon is
difficult to capture in laboratory tests without careful consideration
of the boundary conditions (host medium in which the rockbolt is
installed).

The interaction between the rock mass and anchoring medium
can result in a complex loading mechanism, as per Figure 2. Due
to the difference in the mechanical properties of the steel and
grout, the shear displacement will result in localised crushing of
the anchor medium and rock mass at the collar of the borehole at

Figure 1—Examples of shear loading of rockbolts. a) conventional rebar
rockbolt (Li, 2010), b) bulking of an excavation side wall leading to shearing
of the rockbolts, a @46 mm friction rock stabiliser (Yao et al. 2014)

Anchor medium
Lecalised cnushing

Localised bending

Direction of shear

Locaksed crushing

Figure 2— Illustration of the conceptual shear loading mechanism present
when loading a rockbolt
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the joint (shear interface). A consequence of the localised crushing
is that the rockbolt bends, thus aligning the axial of the rockbolt
towards the direction of the displacement and resultant loading.
The bending of the rockbolt serves to isolate the section of the

bar, which is loaded, resulting in the rupture of the bar at the

shear interface. This phenomenon was demonstrated in the results
presented by Chen and Li (2015b) where strain gauges applied to
the rockbolt demonstrated a localised strain concentration of the
bar.

The shear loading of rockbolts is often present in field
applications. Consequently, it is necessary that laboratory tests
replicate the composite loading mechanism for the results to be able
to predict the in situ performance of rockbolts.

Laboratory shear loading of rockbolts

The objective of a laboratory testing campaign is to quantify the
load and deformation capacity of a rockbolt. Careful consideration
of the boundary conditions is required to represent the composite
loading witnessed in situ. Axial laboratory load testing of rockbolts
is typically conducted in either a steel host tube (chemically
anchored rockbolts) or a borehole drilled into concrete core cast
within a steel host tube (friction and/or mechanically anchored
rockbolts); selection of the configuration is dependent on the
anchor mechanism (Li, 2010; Li, 2012; Player, 2012; Bierman et

al,, 2019). A number of shear loading investigations have been
conducted on rockbolts installed within steel host tubes (Ayres,
Gardner, 2014; Dube,1995; Punkkinen, Royer, 2022). An alternative
method is the method adopted by Stjern (1995), Chen and Li
(2015a, 2015b), and Knox and Hadjigeorgiou (2022, 2023, 2024a,
2024b), whereby a rockbolt is installed within two concrete blocks
located in a loading frame. The two testing methods were compared
by Hagen et al. (2019), demonstrating that the displacement shear
capacity of a rockbolt determined within a steel tube is lower than
when determined by loading a rockbolt within a concrete block.
The effect of the strength of the concrete block/host material was
demonstrated by Spang and Egger (1990), with the results within
concrete and granite being comparable. Additional displacement
was recorded when the rockbolts were installed within sandstone,
demonstrating the effect of the host material properties on the
rockbolt performance.

There are currently two methods of conducting a shear test
within concrete blocks to simulate the boundary conditions, the
single shear (Haas, 1976; Spang, Egger, 1990; McHugh, Signer,
1999; Stjern, 1995) or the double shear method (Aziz et al., 2003;
Grasselli, 2005). Both techniques are illustrated in Figure 4. It

Figure 3—Comparison between the rupture interface of two of the shear
loading methods. a) Within a steel host tube, b) installed within a concrete
block (images curtesy of Epiroc)
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Figure 5—Laboratory testing equipment for conducting full scale shear and tensile testing. a) The SINTEF rig based in Trondheim, Norway (Stjern, 1995), b) the

Epiroc Combination Shear and Tensile Tester, Johannesburg, South Africa

should be noted that when the double shear methodology is applied,
the applied force is halved to determine the capacity of the loaded
element.

To date the double shear method has been used to test sections
of conventional rock reinforcement elements: cable bolts, fibre
glass reinforced, and rebar rockbolts (Dube, 1995; Aziz et al., 2003;
Grasselli, 2005; Li et al., 2016). Due to the continuous coupling
between the rockbolt and the anchoring medium, this method can
provide representative results for conventional rockbolts. Energy-
absorbing rockbolts are discretely coupled along the length of the
rockbolt, consequently, testing sections of the rockbolt does not
represent the capacity of the rockbolt. Two test rigs have been
developed, which can apply shear loads to full scale samples, the
SINTEF rockbolt pull test rig and the Epiroc Combination Shear
and Tensile (CST) test rig. The two rigs are similar in construction
as the latter was developed using the same design premise with
improvements to the hydraulic control system and increasing the
scale to test 2.4 m long rock reinforcement elements.

The concrete blocks are prepared in moulds prior to installation
in the test rig. The boreholes are then drilled into the concrete
blocks, which are subsequently installed in the testing rig. A
rockbolt is then installed into the borehole, with the interface
between the two concrete blocks simulating a joint within the rock
mass. When loaded in tension, the load is applied by the two tensile
cylinders and the displacement rate is controlled. Prior to applying a
shear load to an installed rockbolt, a tensile load is applied to result
in a joint separation of 3 mm. This mitigates the potential for a
frictional resistance between the two blocks.

The Journal of the Southern African Institute of Mining and Metallurgy

Data sources

The review of the shear performance of the rockbolts was conducted
on previously published results. Five different types of rockbolt
were selected for comparison. Conventional rockbolts, energy-
absorbing rockbolts, solid bar rockbolts, hollow bar rockbolts,
and hybrid rockbolts are all represented within the dataset. All
results considered were from full scale rockbolt tests conducted in
approximately 100 MPa concrete blocks employing the single shear
method using either the SINTEF rockbolt pull test rig or the Epiroc
Combination Shear and Tensile test rig. The final criteria were that
the presented result should include both a tensile and shear load
and displacement curve, which were to be included in the dataset.

The dataset comprised of two conventional and three energy-
absorbing rockbolts. The two conventional rockbolt bolts were the
self-drilling rockbolt and the rebar rockbolt, illustrated in Figure 6.
It should be noted that the results obtained for the SINTEF rig were
for 1.8 m long rockbolts while the results obtained from the Epiroc
rig were for rockbolt that were 2.4 m in length. The self-drilling
rockbolt results included the R25 produced from a ductile material
(Kouhia et al., 2024) tested by using the SINTEF rig, and an R28
self-drilling rockbolt (Knox, Hadjigeorgiou, 2023) tested by using
the Epiroc rig. As for the rebar rockbolts (Chen, Li, 2015; Knox,
2022) both were @20 mm in diameter and sourced from the same
grade of steel. This allowed for a direct comparison between the two
testing rigs.

Figure 7 illustrates the paddled energy-absorbing rockbolts, a
yielding mechanical hybrid rockbolt and an energy-absorbing self-
drilling rockbolt. Two datasets for the paddled energy-absorbing
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Figure 6—The two conventional rockbolts selected for the experimental programme. a) Self-drilling rockbolt, a hollow fully threaded bar, b) rebar rockbolt, a solid

ribbed bar
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Figure 7— Three types of energy-absorbing rockbolt, which dissipate energy through the plastic deformation of the tendon. a) Paddled energy-absorbing rockbolt, b)

yielding mechanical hybrid rockbolt, c) energy-absorbing self-drilling rockbolt

Figure 8— Rockbolt anchoring mechanisms for the experimental programme. a) fully encapsulated rockbolt, b) yielding mechanical hybrid rockbolt

rockbolt, @20 mm in diameter were used, however, the length

of smooth bar between the paddled sections (anchor points)
differed. The paddled energy-absorbing rockbolt used by Knox
and Hadjigeorgiou (2024) was 2.4 m in length with a 1.4 m section
between the paddled sections. The rockbolt tested by Chen and Li
(2015) was 2.0 m in length with a 1.0 m smooth section between
the paddled sections. The yielding mechanical hybrid rockbolt was
2.4 m in length with a @20 mm bar mechanically anchored within
a ©39 mm friction unit (Knox, Hadjigeorgiou, 2024). Finally, the

» 624 NOVEMBER 2025 VOLUME 125

energy-absorbing self-drilling rockbolt was an R28 variant, 2.4 m in
length with a 1.2 m smooth section bounded by the two threaded
anchors (Knox, Hadjigeorgiou, 2023).

The rockbolts used in the experimental programme can also
be classified based on their anchoring mechanism. As illustrated in
Figure 8, fully encapsulated rockbolts are installed with a chemical
anchor, which fills the annulus between the rockbolt and the
borehole serving as the load transfer interface. The rebar rockbolts
and the paddled energy-absorbing rockbolts were installed into a
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Figure 9—Representation of shear and tensile test result

pre-grouted borehole. The hollow bar rockbolts, and the self-drilling
and energy-absorbing self-drilling rockbolts were both installed into
the borehole and then post-grouted using a polyurea-silicate resin.
The intent of this analysis was to highlight the shear behaviour
of the different rockbolt types. Consequently, all data were sourced
from two testing rigs, similar in construction and employing
similar shear testing procedures to reduce the risk of testing
equipment bias. The similarities in the results for the rebar rockbolts
demonstrated that there is limited or no equipment bias between
the two testing rigs.

Representation of results

In all tests, the ultimate load (Fy;) and the displacement at the
ultimate load (JF,,) were recorded as originally proposed by Stjern
(1995), Figure 9. This is reasonable given that beyond the ultimate
load the capacity of the rockbolt diminishes to the point of rupture.
Consequently, an applied load that exceeded the ultimate load
capacity of the rockbolt will likely cause the rock mass strain rate to
accelerate as the capacity of the rockbolt diminishes.

For the purposes of this comparative study two additional
metrics were used, the displacement at rupture (08,) and the total
plastic energy at rupture (PEQ). In this configuration the superscript
‘Q denotes that the energy capacity was determined at a quasi-static

loading rate and ‘a’ represents the displacement loading angle. Each
dataset was reprocessed to calculate the metrics for each result to
facilitate a comparison between the responses of the rockbolts.

Data synthesis

The eight datasets of tensile and shear data for the five rockbolt
types were collated from various sources (Chen, Li, 2015; Knox,
2022; Knox, Hadjigeorgiou, 2023; Knox, Hadjigeorgiou, 2024a;
Knox, Hadjigeorgiou, 2024b; Kouhia et al., 2025). The average
results when loading axially (0°) and in shear (90°) are summarised
in Table 1. The response of each rockbolt can be observed in Figure
10. For all five of the rockbolt types a softer loading response is
observed when loading the rockbolt in shear. This can be affected
by the presence/absence and strength properties of encapsulation/
anchoring medium. The installation parameters for each of the
seven datasets are summarised in Table 2.

A careful review of the load deformation data for all rockbolt
datasets has identified three distinct responses, as depicted in
Figure 11. All four rockbolts encapsulated in a chemical anchoring
medium dispalyed a reduction in load capacity (F,;) when loaded
in shear. The load capacity of the yielding mechanical hybrid
rockbolt, however, increased when the rockbolt was loaded in
shear. The change in displacement (JF,,) when loaded in shear was
different between conventional and energy absorbing rockbolts.
This is illustrated in Figure 12, where results to the left of the dashed
diagonal line indicate that the shear displacement capacity is greater
than that of the tensile displacement capacity. While the absolute
capacity of the energy-absorbing rockbolt is greater than that of the
conventional rebar and self-drilling rockbolt, a significant reduction
in the shear displacement capacity was recorded when compared to
their axial displacement capacity.

The relative capacity of a rockbolt is a method of comparing
the capacity of a rockbolt at a given loading angle to the capacity
determined through axial testing. This highlights the relationship
between the axial and shear response for the rockbolt. The relative
capacities for the different rockbolts are summarised in Figure 13.

Table 1
Summary of quasi-static axial and shear loading results for the conventional rockbolts (Chen, Li, 2015; Knox,
Hadjigeorgiou, 2023, 2024a, 2024b; Koubhia et al., 2024)
Rockbolt Nr.samples | a OF,,(mm) F,, (kN) Om (mm) PEQ(k])
Rebar rockbolt 3 0° 26 189 40 7
(20 mm x 2.4 m) 3 90° 51 181 54 6
Rebar rockbolt 2 0° 21 210 40 7
(220 mm x 1.8 m) 2 90° 43 197 48 6

3 0° 26 273 32 7
R28 SDA

3 90° 44 218 45 6

2 0° 28 231 35 7
R25 SDA

2 90° 40 215 43 6
Paddled energy-absorbing 3 0° 143 215 155 30
(@20 x 1.4 m) 3 90° 58 200 66 9
Paddled energy-absorbing 2 0° 117 208 144 26
(@20 x 1.0 m) 2 90° 59 208 71 9
Yielding mechanical 3 0° 246 222 255 47
hybrid rockbolt 5 90° 160 333 167 29
R28 energy-absorbing self- drilling 3 0° 182 233 206 44
rockbolt 3 90° 55 216 60 8

The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 125 NOVEMBER 2025 625 «



Rockbolts in shear

Aulal Loading Shear Loading
ol g 400 5
Fnot (2062)
ENE R Chan & LI (2015)
230 mm Rebar = | . .
Rockbol E w04 S
- oy 4
s
o ! - 0 - T 1
] 00 20 W0 00 .o 00
a0l 5 #0 5
——  Knm & Madyigeorpiou [2123)
o 4 0 4 — Kirulia oL (024
= -~
Self-Deiling = ) .
Rockbol E k.ol 0 4
] 106 4
e ! - 0 - T 1
L] W e ] X0 & 00 200 00
L #0 5
wno K Hadpgeorgou (2024a)
0 00 4 — Gtk LI(0IE)
@20 mm Paddled =
Energy-absorbing o 200 s
Rockboit 3
L] i
e ! - 0 - T 1
] 00 20 W0 00 00 0
05 40 5 wincer & Hadgeorgiog (20048
_ W n W
= r i
Yialding Mechanical = | J—— . w
Hybrid Rockbolt § ] o me
= wndy oo 4 45
. &
1 ¥
] ! : 0 v v !
] 00 20 W0 00 00 i
0l 5 LUK
——  Knon & Hadjigeargiou (3123
_ w0 00
=
Enargy-absorbing = | y
Self-Drilg Rockboll nx--r-r".“'“_'_“ my 4
3 S
wo "y F:
] : - 0 - - |
] ] X0 w0 00 . 3
Displacement {mmi) Displacemant {mm)
—— Sampie Ol Sarple(l  -ee- Sampl0] == Samph(d oo Samph 0§

Figure 10—Summary of the load-displacement response for a number of rockbolt types under axial loading (left) and shear loading (right) (Chen, Li, 2015; Knox,

Hadjigeorgiou, 2023; Knox, Hadjigeorgiou, 2024a; Knox, Hadjigeorgiou, 2024b, Kouhia et al., 2024)

Table 2

Rockbolt installation properties

Rockbolt Borehole @ (mm) Anchoring Medium
Rebar rockbolt (@20 mm x 2.4 m) 33 Grout

Rebar rockbolt (@20 mm x 1.8 m) 33 Grout

R28 SDA 36 Polyurea silicate resin
R25 SDA unknown Polyurea silicate resin
Paddled energy-absorbing (920 x 1.4 m) 36 Grout
Paddled energy-absorbing (020 x 1.0 m) 33 Grout
Yielding mechanical hybrid rockbolt 38 Friction & mechanical anchor
R28 Energy-absorbing self-drilling rockbolt 36 Polyurea silicate resin

The yielding mechanical hybrid rockbolt was the only bolt to have
a relative increase in the load capacity when loaded in shear. This
was attributed to the mobilisation of the friction unit when loaded
in shear. However, the friction unit borehole interface failed when
loaded axially, resulting in the bar providing the primary load
bearing and energy-dissipation mechanism (Knox, Hadjigeorgiou,
2023). The relative energy capacity (Rel. PEQ) for all rockbolt types
was less than 1, indicating a decrease in the capacity. The reduction
in energy capacity was less than 20% across the four conventional
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rockbolt samples. As a consequence of the significant reduction
in displacement capacity, the energy capacity of the fulling
encapsulated energy-absorbing rockbolts was greater than 60%.

Of the energy-absorbing rockbolts, the yielding mechanical
hybrid rockbolt appears to be the most resilient to shear loading,
with an increase in the recorded load capacity and a reduction in
displacement and energy capacity of less than 40%. This is due
to the absence of an encapsulation medium allowing for greater
displacement prior to the induction of bending and pinching of the
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Figure 11—Three types of response observed in the results. a) Conventional encapsulated rockbolts, b) encapsulated energy-absorbing rockbolt, c) yielding
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Figure 13—Relative performance capacities for the rockbolts

bar. The trade-off is a reduction in the stiffness of the response of
the rockbolt, which may limit its application in certain conditions.
In addition, the lack of an encapsulation medium presents a
potential concern when the rockbolt is installed in highly corrosive
environments for long term applications.

Conclusion

This paper presented a review of the response of five types of
rockbolts, conducted using the single shear method on full scale
rockbolts. Of the eight datasets included, three were undertaken
using the SINTEF rockbolt pull test rig and the remaining five using
the Epiroc Combination Shear and Tensile test rig. The inherent
similarities in the construction and operation of these two testing

The Journal of the Southern African Institute of Mining and Metallurgy

rigs allowed for a direct comparison of the published results.

Three responses to shear loading were observed, differentiated
by the encapsulation of the rockbolt and design premise, and
conventional versus higher energy-absorbing rockbolts. The typical
response was that of a decrease in the ultimate load capacity, which
ranged between a 3% and a 20% reduction in load capacity, the
exception being the yielding mechanical hybrid rockbolt, which
recorded a 50% increase in load capacity. The displacement capacity
for the conventional rockbolts all increased, however, remained
less than the absolute value of the shear displacement capacity of
an energy-absorbing rockbolt. This study is a contribution to an
improvement in our understanding of rockbolt behaviour under
controlled testing conditions.
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Abstract

While high production rates are important for the profitability of a mine, the influence of
geotechnical engineering cannot be ignored. In block caving, a high-stress level is required for
cave propagation; this is one of the core elements for ore recovery. Therefore, stress distribution
and geological structures play a major role in the planning and layout design of the mine. This
paper explores the influence of stress and geological features on the design of the mine from
the feasibility study phase. The geology and stress measurement of the mine were determined
through logging and overcoring, respectively. This study found that while production rate is the
primary operational consideration, the long-term layout design of the undercut face advance,
face angle, drawpoint spacing, and undercutting sequence is mainly governed by the stress
orientation and major geological structures. Moreover, widely spaced drawpoints result in
isolated draw zones, consequently, resulting in ore loss and early dilution whereas closely spaced
drawpoints affect the stability of the major apex pillar. This paper also provides insight into how
operations can leverage stress distribution to optimise mine layout and safety in massive mining
methods.

Keywords

block caving, advanced undercut, drawpoint spacing, leads and lags, isolated draw zones

Introduction

Block caving is a large-scale underground mining method primarily used for extracting low-grade,
massive ore bodies, as shown in Figure 1. The bottom of the orebody is undercut by blasting to initiate
the caving of the rock mass through gravity (Diaz et al., 2024; Melati et al., 2023). The undercutting
process generates mine-induced stress distribution, contributing to the progressive caving of the rock
mass. Moreover, deep mining is characterised by rock fractures and unstable hangingwalls that challenge
the safety of mine workers and equipment (Wagner, 2019). Considering this, strategic management of
mining-induced stress, seismicity, and air blast should be the core of mine design and planning in block
caving operations (Cuello, Newcombe, 2018). This paper aims to evaluate the role of stress distribution
and geological structures on block cave mining sequence and the mine layout. That is, the face shape,
drawpoint spacing, and the vertical distance between the production and undercut level. A thorough
knowledge of the geological structures of the mine in all three dimensions, in conjunction with the
geotechnical properties of the rock mass, dramatically impacts the long-term design of the mine
(Murphy et al,, 2016). This is because the undercut and production tunnels intersect the weaker zones,
whereas the mine design and sequence must remain open for the life of the production level (Tukker et
al., 2016).

Several studies have examined the influence of geotechnical parameters on block-cave mining
operations. Morales et al. (2024) reviewed several studies on the challenges of orebody cavability
prediction in block caving. These authors were able to argue that rock mass characterisation is the
foundation for reliable estimations of the rock mass quality for design applications. On the other hand,
Hadjigeorgiou (2012) stressed that there is a lack of quality data in underground mines due to mapping
difficulties caused by limited access, walls covered with shotcrete, and poor visibility On the other
hand, poor visibility significantly impacts the reliable estimation of rock mass strength. Massive mining
methods such as block caving often result in conditions of high-strain energy stored in the rock. Mining
activities can result in the release of stored strain energy, consequently leading to dynamic rock failure
(Bewick, 2021; Roy et al., 2023).

Bartlett and Nesbitt (2000) studied how stress-induced damage in tunnels in a cave mining
environment can influence mine planning. The study reveals that high-stress levels are set up in the
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Figure 1—Block caving layout (Melati et al., 2022)

abutment zone around the perimeter of the caving area, which can
affect tunnel stability at 20 m from the cave front. The authors add
that the most stable face shape is concave or V-shaped towards the
cave. This face shape has the advantage of allowing low abutment
stresses to develop at the apex on both the undercut and extraction
levels. High abutment stresses develop towards the edge of the
cave. A straight-face shape is often more challenging to control
than the V-shape and does not provide the low-stress area that the
V-shape does (Bartlett, Nesbitt, 2000). The V-shaped cave front
has a shorter face length compared to a straight-face geometry. In
contrast, longer straight faces tend to advance more slowly, leading
to higher stress concentrations along the face due to limited relief
of abutment stresses. In support of the previous statement, Van

As and Guest (2020) also add that cave design aims to engineer
control over the cave's behaviour and performance. Therefore, a
good understanding of the geotechnical domains, their spatial
distribution, their rock mass characteristics, and their response to
the stress regimes induced during the various stages of caving is

required. Although there are several great studies on the effect of
stress on the mining layout in block caving, there is a lack of studies
holistically integrating geotechnical analysis with mine design in
block cave operations. Therefore, the main objective of this study

is to investigate the role of stress and geological structures on the
design of mining sequences and layouts in block cave mining.

Geological setting

This study was conducted at Palabora Mining Company (PMC)

in South Africa, Limpopo Province, Phalaborwa. The Palabora
Copper Igneous Complex is a foskorite-carbonatite pipe complex
with an area of 20 km2 that resulted from an alkaline intrusive cycle
into a host Archaean granite. The copper ore body is an elliptically
shaped vertical pipe with an area of 1 km2. The pipe intruded at

a late stage into the central core of the PMC Igneous Complex.

The pipe, as illustrated by Figure 2, consists of foskorite, banded
carbonatite, and transgressive carbonatite. The composition features
iron and copper mineralisation, especially magnetite, bornite, and
chalcopyrite. Considerably later in the formation of the complex,
the area was crossed by numerous dolerite dykes (Dixon, 1979). The
central core is crossed by dolerite dykes trending NE-SW. The same
basic arrangement persists for the full depth of the known deposit,
although there is much local variation in all units. The dykes dip
steeply to the west, as such move with increasing depth. The dolerite
dykes intruded at a much later time than the other units and it
appears that this occurred at a much shallower depth, when the wall
rocks behaved in a brittle manner, giving the dykes their relatively
regular thickness and form. Due to the declining ore grade in the
first cave (Lift I), PMC is developing the Lift I project, which is a
continuation of the block cave below the existing Lift I cave.

During the initial development of Lift II, the mining direction
was configured perpendicular to the prevailing dyke orientations.
This configuration was informed by early numerical modelling of
Lift IT, where stress assumptions were based on a back-analysis of
the in situ stress field undertaken by Itasca Consulting in 2009. This
back-analysis suggested that the stress regime was not hydrostatic
but that the major principal stress is likely sub-horizontal, with
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Figure 2—A map showing the location of PMC and the sectional view of the PMC’s orebody
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major principal horizontal stress (0H) = 20z and minor principal
horizontal stress (ch) =1.50z (Van As, 2014). However, this
orientation of the mining face, perpendicular to major geological
structures (i.e., dykes and parallel to a fault), subsequently presented
significant stability challenges. Dykes, due to their distinct
mechanical properties, are known to absorb and release strain
energy, which can result in rock bursts when disturbed. Consistent
with this, stress-induced damage was observed throughout the
Lift I infrastructure and during the early development of the Lift

Il infrastructure. Consequently, these observations necessitated
further investigations to explore alternative face directions.
Following these findings, a revised lower in situ stress regime, with
a horizontal to vertical stress ratio (K) of 1.2:1, was subsequently
adopted for the Lift IT analysis (Sainsbury, 2016). The application
and implications of this revised stress regime will be elaborated
further in the Methodology section.

Methodology

This section discusses the steps followed in collecting raw data

used during the mine planning process. The data from exploration
drilling, cover drilling, and field observations were used to
investigate the effect of stress and geological structures on the
orientation of large excavations, mining sequences, and mine layout.

Geotechnical domains

The rock mass properties of the underground mine were initially
determined through the mapping of the previous open pit before
underground mining could start. The pre-feasibility study for Lift II
was informed by extensive geotechnical data, derived from logging
over 150 drill holes, totaling more than 57,500 m. Complementary
geotechnical characterisation was provided by a geophysical survey
that incorporated an acoustic televiewer (ATV) and other down-
hole logging tools. This work was aimed at subdividing the total
rock mass into geotechnically similar zones of similar characteristics
in what is known as geotechnical domaining (Laubscher, 1994).
This was done with the understanding that all the rocks within a
domain exhibit similar engineering characteristics. However, the
parameter/s used to subdivide an orebody (or any rock mass) into
domains vary. In any type of rock, these variables might be the
lithological composition (including alteration), the type or intensity
of fracturing, the orientation of fractures, the strength of the rock
material, or any combination of these parameters.

For the Lift I cave, the orebody within the zone of influence of
the cave was divided into 3 structural domains, namely, the East,

Initiad Lift 2 siress measursmaonts

o, = 52 MPa

oy =120

(62 MPa gy = L1y

Figure 3—Initial Lift IT and revised Lift II in situ stress conditions (Sainsbury, 2023)
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Table 1

Hoek-brown failure properties of the geotechnical domains
(Van As, 2014)

Geotechnical domain | o (MPa) mi GSI mp
BCB 22.9 22.9 22.9 22.9
DOL 24.1 24.1 24.1 24.1
FOS 25.2 25.2 25.2 25.2
MPY 17.4 17.4 17.4 17.4
TCB 28.0 28.0 28.0 28.0

the Ramp Dyke, and the West Zones. These domains were further
subdivided into “well jointed” and “less jointed” zones based on
the joint spacings derived from the open pit mapping and drill
core logging (where a joint spacing of 2 m separates the zones).
The sub-domaining into “well jointed” and “less jointed” zones

was to improve the accuracy of the fragmentation predictions.
Various analyses established a 30:70 ratio between the “less jointed”
and “well jointed” zones. The geotechnical domains for Lift IT

are based on lithology, namely, the branded carbonatite (BCB),
dolerite (DOL), foskorite (FOS), micaceous pyroxenite (MPY), and
transgressive carbonatite (TCB). The properties of the geotechnical
domains are summarised in Table 1.

Stress distribution/orientation

The stress orientation of the rock mass for Lift II was determined
through overcoring in foskorite on the Lift IT production level. It
stands out in rock mechanics since it is the only method capable of
obtaining the magnitude and direction of the full three-dimensional
stress from a single OC test (Li et al., 2024). Specifically, a revised in
situ stress regime was proposed based on the stress measurements
that were conducted. A summary of both the initial (as discussed
in the background section) and the revised Lift II stress conditions,
which informed the present analysis, is presented in Figure 3.

The modelling input values are summarised in Table 2.

The revised stress regime differs from the initial Lift IT regime in
the following aspects:
»  The o) and 03 orientations have been swapped. In other words,

o1 was previously striking NW-SE, but it is now vertical.

Conversely, 03 was previously vertical, but it is now striking
NW-SE.

Revised siress measurements

g, =52 MPa
oy = 3 ay oy = 0.96 a,
(16.12 MPa) (49.92 MPa)
.,
H\._I M /
\
W b N E
/ .
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Table 2

Simulated in situ stress regime (Sainsbury, 2023)

Stress Magnitude (MPa) Dip (o) Dip direction (0)
o1 pgH 90 0
02 0.96*01 0 058
03 0.31%0; 0 148

»  The horizontal stress magnitudes are lower. Indeed, striking
NW-SE, the stress magnitude has now decreased from 62
MPa to 16 MPa at the Lift IT production level. However, the
deviatoric stress (difference between o1 and other stresses)
is higher at 0.96 and 0.31, as opposed to 1.2 and 1.1). Stress
measurements indicated that both horizontal principal
stresses are lower than the vertical stress, identifying the
vertical stress as the major principal stress.

The initial response of the Lift IT production level and cave
initiation supports the revised stress regime (Sainsbury, 2023).

Results and discussion

Mining method

This section discusses the influence of the measured stress on

the mining layout of Lift II. The layout specifically refers to the
undercutting method, the face advance rate, the face angle, and the
face length.

Advanced undercut

To minimise stress damage and increase rehabilitation requirements
in extraction levels, PMC opted for advanced undercutting
techniques. In simple terms, the advanced undercut method (see
Figure 4) was selected to ensure the stability of the extraction level
for the mine's life. The advantage of advanced undercut over post-
undercut is that large unsupported drawbell excavations are not
subjected to high abutment stresses, and less support rehabilitation
is required in areas where undercutting precedes production-

level development. On the other hand, post-undercutting results

in stress-induced damage to the draw horizon level, therefore, it

would be prudent that the undercut should be advanced first, and
the draw horizon should be developed in de-stressed conditions.
This approach aligns with established principles in block caving, as
Butcher (1999) and Laubscher (2000) concur that stress increase
associated with undercutting is a significant factor that influences
the stability of the production level. Indeed, a fundamental principle
for mitigating draw horizon damage, articulated by Butcher (1999),
is the implementation of advanced undercutting within the block
cave. Figure 4 differentiates the two methods.

Undercut face advance rate

The rate at which the undercut face is advanced is critical as the rock
mass ahead of the undercut face is subject to high abutment stresses.
The slower the undercut advances, the greater the deterioration

of the rock mass, and the more difficult it is to successfully blast

the face. To put it another way, slower advances result in creep
damage due to stress build-up, which then increases the probability
of seismicity (Sun et al.,, 2022). Conversely, rapid undercut face
advance, where the face is greater than 50 m-

60 m ahead of the last line of drawbells, leads to the formation of a
stress shadow. This acts as an abutment stress concentrator, which
typically results in large drive deformations and rockbursts.

Before development, the average advance rate of the Lift I
undercut was initially planned at around 3,400 m2/month, equating
to approximately 11 m/month. The current advance rate is 10 m-
15 m/month, which still complies with standard practice (Crook,
Prince, 2018). It is important to adhere to the standard advance rate
since a slower advance rate increases the stress-induced damage.
This phenomenon is supported by Butcher (1999), who adds that
stress-induced damage increases with a reduction in the rate of
advance of the cave line. The undercut abutment stresses reach
the maximum magnitude when the undercut area equates to the
required hydraulic radius of the block.

Undercut face angle

The initial undercut face was designed based on the initial stress
orientation of the Lift I model to be initiated from the SE to NW,
with an undercutting face striking NE-SW. However, based on the
groundwork stress measurement done in 2017, the initial undercut
long face orientation would have been parallel to the major

Undercut level

] Production level

Advance underculling

Figure 4—Development sequence of post and advance undercut (after Trueman et al., 2002)
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principal stress and the major dolerite dykes (Groundworks, 2017).
This would have had the potential to cause large slip failures posing
a risk of unsuccessful execution of the undercutting. Dolerite dykes
display brittle behaviour, making them susceptible to sudden failure
under high-stress conditions (Ledwaba, 2012).To mitigate against
the potential for large seismic risk, an undercut face design change
was implemented to ensure that the long-undercut face advance

is perpendicular to the major principal stress and dolerite dykes.
The current mining direction in Lift IT is from NE to SW, where the
major geological features (dykes) are approached perpendicularly.
The current face shape and undercut advance are depicted in
Figure 5.

The initial angle of the undercut face advance was governed by
the major horizontal stress based on the initial stress measurement.
This angle was predominantly orthogonal, which was the best
practice for reducing abutment stresses in the undercut face.
However, following the updated stress regime orientation, it
became apparent that the eastern face of the initial undercut wedge,
as initially planned, would advance parallel to both the major
horizontal stress and major dykes. Consequently, the direction
of the face was changed to avoid this unfavourable condition.
Fortunately, the extent of the NE advancing undercut face was
limited, which helped to minimise its exposure to these problematic
dykes during this transition.

Undercut leads and lags

The differential distances between adjacent faces (drill drives) are
known as the leading and lagging distances. The greater the leads or
lags between adjacent faces, the greater the stress differential. The
objective is generally to minimise the lead and lag distances so that
the tangential stresses are maintained in the undercut face while
aiding in its stability by adding confinement to the rock mass. In
practice, the operating lead-lag distance is between 10 m to

15 m (maximum) and ideally no more than 2 to 3 rings. Note here
that blasting rings are spaced 2 m apart around the Lift IT cave. As
such, the lead-lag distance of the mine is currently at 6 m-12 m (see
Figure 6). It is worth highlighting that the rock mass conditions

of each mine differ, therefore, the lead-lag pattern is not always
one-size-fits-all. Thus, the lead-lag distance was chosen based on
the depth and stress conditions of the surrounding rock. As mining
depth increases, the corresponding stress conditions also increase.

Therefore, lead-lag pattern helps to spread out the abutment stress
zones, lowering their magnitude and reducing the potential for large
stress build-ups.

Undercut face length

The length of the undercut face is a function of the undercut face
angle. The longer the face, the more difficult it is to construct a
sufficient number of drawbells behind the face to allow it to keep
moving. Practical empirical evidence suggests that an undercut face
length of over 450 m is impossible to advance at a reasonable rate
(Ross, 2018), as the construction rate for drawbells behind the face
cannot be achieved. Typically, an average construction rate of 5-6
drawbells/month is the norm for drawbells (Pascoe et al., 2008).
The maximum undercut face length planned for Lift IT was 250 m.
This is considered manageable, and the mine is still maintaining a
face length of not more than 240 m. Long-face shapes over 300 m
are difficult to manage from the point of view of ground stability
control. These shapes also affect the advancement rate that can be
achieved in a particular time. Consequently, a slow advance rate
results in excessive abutment build-up, which in turn leads to the
deterioration of undercut drives. This is because when undercutting
is not advancing as quickly as planned, some areas in the cave will
not cave as expected. As a result, this causes some localised stress on
the abutments that will become difficult to successfully undercut.

Extraction level

The extraction level is designed to maximise ore reserves. As such, it
should remain stable for the life of the mine to ensure maximum ore
reserve recovery. The stability of the extraction level is often affected
by the ore extraction activities, resulting in tunnel convergence,
concrete slabbing at the walls, and sometimes closure (Castro et al.,
2020). In granular material, such as caved rock ore, vertical stresses
are significantly lower than total column weight because of the
arching effect generated by shear stresses due to the rock friction.
When the granular material is underflowing (flowing beneath the
broken mass), at least two main zones, the movement zone and the
stagnant zone, can be identified. In the movement zone (or draw
zone), porosity increases, and vertical stresses decrease due to flow,
while in the stagnant zone (or non-draw zone), vertical stresses
increase. Castro (2006), through his experimental studies, has
demonstrated that stresses can be transferred from the movement

Figure 5—Revised Lift IT undercut face advance direction; the green structures crossing through diagonally are the dolerite dykes (Sainsbury, 2016)
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Figure—7(a) Illustration of interacting draw zones (after Laubscher, 1994); (b) Illustration of stagnant material (after Morales et al., 2024)

zone to the stagnant zone during flow. Then, induced vertical
stresses over the production level depend on the movement of
the gravity flow. Ngidi and Pretorius (2010) also emphasised that
good draw control prevents stress concentration damage on the
extraction horizon. Palabora Mine is currently using Gemcom’s
Personal Computer Block Cave (PCBC) systems for the draw
strategy. Even draw is applied, ensuring maximum ore extraction
from the reserves.

Drawpoint spacing

Drawpoint spacing is governed by the interaction of adjacent draw
zones, amongst others. The interaction of adjacent draw zones refers
to the point where the draw zones of two adjacent drawpoints meet
(Figure 7a). It is worth noting that ore flow will occur when adjacent
flow zones are spaced to allow interaction at a given height (Castro
et al., 2020). The size of the ore fragmentation also dictates the
draw-cone diameter. According to Laubscher (2000), the standard
guideline is that finer fragmentation requires smaller drawpoint
spacing whereas coarse fragmentation requires bigger draw zone
spacing. Most importantly, drawpoint spacing must be related to the
draw zone spacing, instead of being dictated by the size of the load
haul dump (LHD) trucks. The isolated draw zone (IDZ) diameters
for the averages of all rock types are approximately

12 m-13 m. This suggests an optimal drawpoint spacing of 32 m
(drive centres) by 16 m (drawbell centres) to ensure an interactive
draw. This design choice was primarily driven by two critical factors:
the operational requirement to accommodate large load-haul-dump
» 634
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(LHD) equipment, and the geotechnical objective of improving the
stability of the extraction level.

The drawpoints at Lift IT are spaced 17 m apart centre
to centre. From a business point of view, drawpoint spacing
determines the ore reserve recovery of the mine. That is, as the
spacing between drawpoints increases, there is a greater amount
of non-recoverable ore (marked as “stagnant material” in Figure
6b). This is due to the increased separation along the major apex,
generating an increase in the height of the interactive zone (HIZ)
and leaving more ore between the drawpoints. It should be noted
that the Lift I drawpoints are spaced too widely to facilitate an
interactive draw, and this has ultimately led to higher heights of
draw, early dilution entry, and loss of reserve (Van As, 2014). When
individual drawpoints are drawn in isolation or drawpoints are
spaced too wide for draw interaction to occur, then isolated draw
predominates. As a result of this, the height of interaction increases,
and even the flow of material is lost. In other words, the higher
the interaction zone, the earlier the dilution will be encountered
at the extraction level (Van As, Guest, 2020). Laubscher (1994)
recommends that drawpoints should be spaced at 1.5 times the
diameter of the isolated draw zone, whereas other studies (Kvapil,
1965) suggested that isolated movement zones must overlap. A
follow-up investigation is being conducted to determine the optimal
spacing.

From a safety point of view, widely spaced drawpoints with
poor interaction resulted in overloading of vertical stress on the
major apex due to the extra stagnant material and weight of the

The Journal of the Southern African Institute of Mining and Metallurgy
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mass from the cave. The findings by Van As and Guest (2020)
concur that the loading (weight) of the overlying stagnant and
compacted ore has a major impact on the stability of the apex pillar.
The over-concentrated vertical stress can cause a potential shear
failure between the major apex and the extraction drive underneath.
Additionally, in coarse fragmentation, the stagnant material forms
a barrier that prevents the lateral growth of the isolated movement
zone, thus resulting in a narrow-isolated movement zone (Pierce,
2009). The argument of widely spaced drawpoints is that they
improve the strength of the extraction level by creating large apex
pillars that can withstand higher loads from the ore column above.

Conclusion

This study described the effect of stress, geological structures and

stability of the undercut and production level on the layout design
of a block cave mine. The findings of the study are summarised as
follows:

»  The standard guidelines for mine design cannot be given, as
the rock mass properties of each mine are unique.

»  Face advances perpendicular to the major principal stress and
parallel to the dolerite dyke were found to be preferable.

»  The mine found that a 45° lead/lag face shape of the undercut
minimised abutment damage to the undercut level.

»  The mine opt for widely spaced drawpoints to accommodate
large LHDs, in contrast to theory, which suggests isolated
draw zones, ore loss and early dilution.

»  The optimal drawpoint spacing between production and ideal
extraction is unknown for the geotechnical conditions at the
mine.
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Abstract

Resin bolting in South Africa has been developed and refined in underground coal mines (i.e.,
soft rock) since the late 1940s. The extension of resin bolting to hard rock mines started in 2003
and has required significant adaptations, challenging the status quo from both a supplier and
applicator perspective. As far as resin bolting is concerned, the most affected aspect in coal
mining and hard rock mining environments, is the rock drills or machinery used for installation.
Hard rock mines mostly use hand-held airlegs with limited thrust, low torque, and rotation
speed, relative to coal mine mechanised bolters. Resin bolt development for hard rock mines
was, and still is today, predominantly focussed on compensating for the ‘shortfalls’ of using
hand-held airlegs.

At face value, hydro-powered rock drills, which are more powerful than traditional hand-
held equipment, provided hard rock mines with a means to attain more consistent and reliable
resin bolt installations. This paper assesses the quality and performance of hydro-powered
resin bolting at an intermediate to deep level platinum mine in South Africa and its potential
contribution to rock-related instabilities when applied erroneously. The findings of this paper
necessitate a revision of current quality control and quality assurance measures related to resin
bolting for underground support.

Keywords

hydro power, underground support, resin bolting, pull test, encapsulation, load transfer

Introduction

Since its earliest application in the late 1940s (Ferreira, Franklin, 2008), South Africa has developed a
rich history of resin bolting in underground coal mines. From 2003, the application of resin bolting
extended to other underground commodities, including the platinum mining industry. The transition
to underground hard rock mines, using airleg installations in larger diameter support holes, was
particularly challenging as the performance and reliability of resin bolts were tested beyond their typical
benchmarks and limits. More than 20 years later, resin bolting remains one of the most researched topics
in underground mine support, focused on delivering consistent and dependable support solutions.

This paper presents a practical assessment of the quality and performance of hydro powered resin
bolting at an intermediate to deep-level hard rock platinum mine in South Africa.

Background

The study site is located on the northern end of the western limb of the Bushveld Igneous Complex
in South Africa, operating at depths up to 2400 m below surface. Conventional drill-and-blasting
techniques are used to access and extract platinum group metals from both UG2 and Merensky reef
deposits. Multi-reef mining strategies are deployed with de-stressing taking place on the Merensky
Reef horizon, situated approximately 20 m to 40 m above the UG2 Reef horizon. Given the relatively
low middling between the UG2 and Merensky Reefs, both ore bodies are extracted using the same
primary tunnel development. Both orebodies dip at approximately 20° towards the south-east.

Haulages, orientated along the strike of the ore body, are typically off reef and situated in the footwall
of the UG2 Reef horizon. Crosscuts, orientated along the dip of the ore body, are broken away from
haulages and are for the most part off-reef. These crosscuts are developed up to Merensky and/or UG2
reef intersections, followed by the development of on-reef raises to the level above. A layered sequence
of these access ways (~63 m vertical middling) is repeated to expose the entirety of the ore body.
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Zurfade

Figure 1—Dip cross-section of the case study mine

Considering the inter-level distance between haulages or crosscuts
and the dip of the ore body, raise lengths up to 180 m can be
effectively established, allowing for six stoping panels on each side
of the raise at an average face length of 30 m.

Resin bolts are installed as primary and secondary support at
the case study mine. Primary support implies that it is installed
to secure the immediate stability of an excavation as it is being
developed or mined, whereas secondary support is installed to
secure the long-term stability of an excavation. Resin bolts, as
primary support, are installed along the hangingwall of stoping
centre gullies, stoping strike gullies, as well as the hangingwall and
sidewalls of tunnels during development. Resin bolts, as secondary
support, are installed in crosscuts and haulages where initially
installed support has corroded (i.e., rehabilitation).

The case study mine experienced several rockfalls where resin
bolts were installed, especially near the skin of the excavation. Once
fallout has taken place and the fractured zone around the excavation

has unravelled, the section of the resin bolt towards the collar of the
support hole was exposed (refer to Figure 2). Of concern was that
the bottom section of the resin bolts was not encapsulated in resin.
In addition, most resin bolt installations were not tensioned (i.e.,
shear pins still intact), resin capsules were gloving inside support
holes, and resin bolt installations were not centred inside support
holes.

Rock mass behaviour

To better understand the role and performance of resin bolting at
the mine, it was necessary to study the geotechnical environment
in which the resin bolts are installed. The principle of resin

bolting at the mine is a combination between suspension and rock
reinforcement. Resin bolts are long enough to penetrate the natural
pressure arch and densely spaced to establish an artificial pressure
arch within the fractured zone around the skin of the excavation
(refer to Figure 3).

Figure 2—Instabilities recorded close to the skin of the excavation, exposing the proximal end of the resin bolt
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Figure 3—The principle of creating an artificial pressure arch using rock bolting (after Li, 2017)

» 638 NOVEMBER 2025 VOLUME 125

The Journal of the Southern African Institute of Mining and Metallurgy



Review of quality assurance methods for hydro-powered resin bolting

Figure 5—Transversal ribs are visibly still intact following unravelling of the
surrounding rock mass
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Figure 6—Terminology adopted for orthopyroxene-plagioclase rocks (after
Eales et al., 1988)

Figure 7—Plagioclase feldspar veins
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During rock movement, predominantly from the fractured
zone, resin bolts are dependent on the mechanical interlocking of
surface irregularities between the resin, the bar, and the rock to
successfully transfer load (refer to Figure 4). Load is transferred
from the unstable or fractured rock mass to the resin bolt and then
into the stable ground.

Load transfer capabilities are particularly inhibited when rock
movement is not laterally constrained, e.g., when unravelling ensues
following an initial rockfall, with little to no interlocking taking
place between the surface irregularities of the resin, bar, and rock
(see Figure 5).

Haulages are predominantly situated in norite, which is a
type of igneous rock (layered intrusion), composed of plagioclase
feldspar and pyroxene. This rock type has a uniaxial compressive
strength ranging between 124 MPa and 173 MPa (Vogler, 1990).
Uncontrolled rock falls in these areas are rare, despite challenges
related to the installation quality of resin bolts.

Crosscut breakaways are also situated in norite, however, the
tunnel transitions through different classes of norite as it develops
up to the UGI reef marker. The mine has different distinctions or
field terms for norite depending on its content ratio and distribution
of pyroxene to plagioclase feldspar (refer to Figure 6). The
transition from norite to leuconorite is distinguished by feldspar
distributed in a network of lighter colour veins, commonly referred
to as ‘Streepies’ norite (shown in Figure 7). The transition from
leuconorite to anorthosite is abrupt with distinct contacts.

Norite, supported by a strong network of plagioclase feldspar, is
known to be prone to rock bursting due to its higher stiffness (Malki
et al.,, 2024). To this end, rock drill operators have reported localised
strain bursting at tunnel faces when ‘Streepies’ norite, leuconorite
and anorthosite are exposed. The strain bursts are not severe, and no
instances of typical rockburst damage have been recorded, however,
strain bursting is followed by a notable regression in the condition
of the excavation rock walls (comparing Figure 8 and Figure 9).
Densely spaced fractures develop in the tunnel hangingwall, and
when it is inadequately supported, especially close to the skin
of the excavation, it can lead to fallout. Initially, potentially high
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Figure 9—Densely fractured hangingwall - crosscut situated in ‘Streepies’ norite
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Figure 10—(a, b) Schematic of the proximal and distal ends of the resin bolt with (c) transverse and longitudinal ribs

horizontal stresses were considered as a contributing factor as
fracturing was predominantly along the hangingwall of the tunnel,
such as gothic arching described by Johnson et al. (2009), however,
the effects were too localised and unaffected by regional mining
abutments or major geological structures. It is rather suggested that
the natural fracture initiation and propagation surrounding tunnels
are adversely affected by the abundance of plagioclase feldspar.
Rock masses dominated by plagioclase feldspar exhibit brittle
behaviour, fracturing quasi-dynamically at depth and causing micro
seismicity as fracturing propagates. At shallower depths, fracturing
of these rocks occur over an extended period (quasi-statically), and
its manifestation is curbed by the timeous installation of support
(Nyungu et al,, 2014).

Underground observations indicated that crosscuts broken
away in a south-easterly direction experienced more ground control
difficulties transitioning through ‘Streepies norite, leuconorite,
and anorthosite than crosscuts broken away in a south-westerly
direction. This phenomenon was attributed to stress-induced
anisotropy considering that major and minor principal stresses (o1
and 03) act on crosscuts broken away in a south-easterly direction,
whereas major and intermediate principal stresses (01 and 02) act on
crosscuts broken away in a south-westerly direction.

Actual underground observations provided valuable insights
into the rock mass’ behaviour and understanding the perceived
underperformance of resin bolt installations.

Hydro powered resin bolting

There are several factors that can contribute to the under-
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performance of resin bolts. In 2005, Canbulat et al. tabled extensive
quality control guidelines for underground resin bolting. This paper
will focus on direct controllables impacting the performance of
resin bolting at the case study mine.

Rock bolt parameters

Resin bolts or bars were originally produced according to SABS
920, now SANS 920:2011, which is still the national specification
covering the physical and mechanical requirements for steel

bars used in concrete reinforcement. As resin bolting became
more prominent in underground mining support, mainstream
manufacturing companies started developing improved resin bars
in partnership with steel mills for more repeatable and consistent
underground resin bolt installations. The latest version of SANS
920:2011 Edition 2.3 was released in 2022. SANS 1408 was also
revised in 2019, stipulating the requirements and testing methods
for resin bolt components.

The nominal diameter of a resin bolt used at the case study mine
is 20 mm. It has a uniform and continuous rib that is parallel to the
long axis of the bar (i.e., longitudinal rib) with several ribs across
the long axis of the bar (i.e., transverse ribs), as indicated in Figure
10c. The ribs are geometrically controlled and designed to aid in the
mixing of resin capsules, subsequently enhancing the load transfer
capabilities of resin bolt installations.

The resin bolt has a modified section or paddle set, 40 cm long,
situated at the distal end of the bar (refer to Figure 10b). The paddle
set consists of three deformities, where the bar was pinched or
compressed perpendicularly to the long axis of the bar, to effectively
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Table 1

Resin capsule specifications

Property Resin A Resin B
Colour Blue Yellow
Capsule length 900 mm 900 mm
Capsule diameter 32 mm 32 mm
Resin mastic content 80,1% 80,5%
Pipeline viscosity 283N 432N
Set time 90 sec 280 sec
Punch shear strength >23 MPa >19 MPa

increase its diameter. Also situated at the distal end of the bar
was an open split end. The bolt diameter at these modifications is
24 mm.

The resin bar has an ultimate tensile strength of 195 kN and
a yield load in the range of 150 kN. The physical and mechanical
properties of the bar are comparable to what is generally used in the
rest of the South African mining industry.

Resin parameters

Resin cartridges or capsules are made up of two parts, that being
resin and catalyst, separated by a thin plastic film. When a rock bolt
is inserted and spun into a support hole, the plastic film is torn, and
the two components mix, causing a chemical reaction and curing
the resin mastic within a predetermined period. After curing has
taken place, the resin is usually more rigid than the surrounding
rock mass.

The case study mine utilises two different resin capsules for each
support hole. Firstly, a blue resin capsule (‘Resin A) is inserted into
a support hole, followed by a yellow resin capsule (‘Resin B’).

Resin capsules are contained in water-resistant packaging
and typically stored in humid conditions with temperatures up
to 32 °C. Little consideration is given to the storage temperature
and subsequent shelf life at the mine (refer to SANS 1534:2018),
however, this does not imply that the resin capsules are not usable.

Rock drill parameters

Hydro-powered equipment was not commercially available when

the mine started narrow tabular stoping in the late 1990s (Kendall
et al,, 2000). In partnership with the Chamber of Mines Research

Organisation, the mine started to develop and adjust equipment
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Figure 12—Unloaded and loaded rotation speeds
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Figure 11—Comparison between the Novatek and Sulzer hydro power rock
drills

to cater for the water powered system (i.e., hydro power). The
primary benefit of the cooled water system was its ability to reduce
the heat in underground workings as the geothermal gradient of
the Bushveld Complex was higher than other deep level mines in
the Witwatersrand Basin (Fraser, 2010). However, hydro power
also provided the operation with the means to improve drilling
efficiencies and productivity, which has indirectly benefitted resin
bolt installations. The principle of hydro power, as far as drilling is
concerned, is delivering more power to a rock drill in a pipe or hose
than what is possible with compressed air (higher pressure).

The loaded rotation speed of the rock drill was measured
during the spinning process using a tachometer (refer to Figure
12). When a rock drill is loaded, frictional forces resist the free and
synchronous rotation of the spinning adapter. In practise, rotation
speeds decreased by up to 50% from the specified unloaded rotation
speeds.

Installation process

The installation process outlined in the following is based on the
mine’s safe operating procedure and over inspection/verification of
actual installation practices (work-as-prescribed versus work-as-
imagined versus work-as-done):

»  Entry examination and safe declaration (including the
application of a Trigger Action Response Plan) is conducted
before any work takes place.

»  Once the area has been dressed and declared safe, temporary
support (e.g., mechanical jacks) and areal support (e.g., safety
netting or mesh sheets) are installed.
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»  From a safe and supported position, the responsible
competent person demarcates the position where resin bolts
need to be installed.

»  Support holes are drilled to their required length, not less than
70° to excavation rock surfaces. All support holes are drilled
under the cover of areal support.

> Assoon as the support holes are flushed, resin capsules
are inserted into the support holes. The quick set (i.e., blue
cartridge) capsule is inserted, followed by the slow set (i.e.,
yellow cartridge) capsule.

»  To retain resin capsules inside support holes, top hats are
supplied with each container or box. Operators dislike using
top hats and instead use cut-offs from resin containers as a
wedge at the collar of support holes.

»  Once the resin capsules are secured, the resin bolt is pushed
into the support hole by hand, far enough so that the bar can
be placed in the rock drill's bolt tensioning socket (spinning
adaptor).

»  Using the rock drill, the bar is pushed further into the support
hole with aid from the thrust leg, as deep as practically
possible.

»  The rock drill valve is completely opened allowing for
maximum potential thrust and torque, mixing for at least
15 seconds. During the spinning cycle, the inner barrier
sheath and outer sheath are torn by the bar, allowing both the
catalyst and resin mastic to mix. The spinning process also
generates heat, which aids the chemical process taking place
(polymerisation). Considering the rotation speed of the rock
drills, the bar will rotate between 22 and 32 times inside the
support hole.

> After the spinning cycle, a hold time of 120 seconds is
observed. During the holding period, the mixed resin mastic
is curing to build up strength. The operator keeps the resin
bolt in place with the rock drill, followed by the tensioning
process, however, most installations are left un-tensioned.

Support hole length and annulus

The bond strength of resin bolts is often constrained by the
relationship between the resin bolt and support hole diameter,

Drill support hole

Insert resin capsules
1 —blue
2 - yellow

Push rock boll in
o by hand

known as the annulus (Hagan, 2003). Effective mixing of the resin
is typically achieved by ensuring the resin annulus does not exceed
a specified maximum limit. The intention of modifications (e.g.,
paddles and split-end) to the resin bar is to increase the diameter
of the resin bolt over the modified section, which decreases the
annulus between the bolt and rock interface. This fundamentally
increases the bond strength of the installation by providing
improved mixing of the resin and catalyst up to the boundary of the
support hole. However, this only applies to the section of the bolt
that includes modifications.

In 2019, Bierman et al. conducted a large-scale evaluation on
resin bolt installations. The paper indicated that @ 38 mm support
holes were possible using @ 34 mm drill bits, which was initially
confirmed by Tadolini (1998). Many factors can impact the hole
diameter, such as the condition of the rock drill, available water
pressure, age and wear on the drill bit, as well as adherence to drill
bit discard criteria. Similar to the findings by Bierman (2019) and
Tadolini (1998), @ 42 mm support holes were measured at the mine
where @ 38 mm drill bits were used. Geotechnical designs rarely
consider this phenomenon, resulting in hole annuluses exceeding
design limits and a reduction in resin encapsulation (refer to
Figure 14).

The diameter and length of resin capsules inside a support
hole are important because of the resin requirements for full
encapsulation. Equally important is the length of support holes
when they are drilled. Maepa and Zvarivadza (2017) recorded
‘under- and over-’ drilling of support holes during a study that
was conducted in the Bushveld Complex. In the study, support
holes were within 0.1 m of the designed length. Similarly, support
hole lengths at the case study mine ranged between 1.7 m and
1.9 m against the designed length of 1.8 m. The deviance may not
be considered extreme; however, it directly impacts the extent
of resin encapsulation inside the support hole. The correct resin
bar diameter and support hole diameter are critical to ensure that
sufficient resin is used to form a fully bonded or full encapsulated
installation.

Gloving
Resin mastic and catalyst need to be properly mixed for it to be

o Push rock bolt
further in using a
rock drill

Spin the rock boll
mixing the in-hole
resin

Tension the rock

bol:

Figure 13—Simplified resin bolt installation process. A holding period of 120 seconds is observed between the mixing and tensioning processes
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Figure 14—Percentage resin encapsulation as a function of the support hole diameter and length

effective. Installations with large annuli are more prone to be
compromised resulting in gloving. Gloving occurs when the resin
mastic and/or catalyst film was not pierced during the spinning
process, preventing the components from mixing and ultimately the
resin from curing (Pastars et al, 2005).

The installation procedure of the mine dictates that resin bolts
should be driven halfway into support holes before spinning takes
place. In practise, another variation was found where operators
drive resin bolts to the back of support holes before spinning.

As a result, the mixing of the slow set capsule was questionable,
considering that the modified resin bolts used at the mine only
had one set of paddles at the distal end of the bar (last 40 cm). In
principle, the ‘unmodified’ portion of the 20 mm diameter bar

was solely responsible for mixing the slow set resin for annuli up
to 11 mm. Overspinning of resin capsules was not prevalent at the
mine, however, the under-spinning of capsules did indicate a trend
resulting in gloving and inadequate mixing.

During the investigation process into gloving, it was also
discovered that the condition of the installation tool played an
important role in the mixing of the resin capsules. When the

Figure 15—Gloving resin bolt installations

Figure 16—Wear and tear on both ends of the installation tool
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installation tool was worn, on either side, the rock drill was
unable to grip the resin bar. In these cases, the resin bolt was
merely hammered into the support hole and no mixing took
place, as shown in Figure 16. Visually, these defects are difficult
to identify. Historical pull test data gathered from development
tunnels indicated that significant gloving led to a reduction in
bond strength, with pullout loads as low as 57% of their designed
strength.

Annulus is typically not a concern at underground coal mines
as these operations are accustomed to using small diameter drill
bits (Campbell et al., 2004). However, for many underground hard
rock mines using conventional equipment, an additional set of drill
bits is required. This inadvertently introduces a safety risk as human
behaviour (i.e., discipline) directly impacts the reliability and
performance of the support system.

Centralisation

Crompton and Sheppard (2019) reported that the centralisation of
a resin bolt inside a support hole encouraged the consistent mixing
of resin, maximised the corrosion protection provided by resin, and

VOLUME 125

NOVEMBER 2025 643 «



Review of quality assurance methods for hydro-powered resin bolting

Figure 17—Off-centre resin bolt installations
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Figure 18—(a) Torque - time performance of shear pins, and (b) a torque wrench used to determine the load at which the shear pins break

ensured the even distribution of stresses during tensile loading.
Resin bolt installations that were off-centre had an increased
likelihood of gloving, unmixed resin, and voids. Numerous resin
bolt installations at the case study mine were off-centre to the
critical determinant of support capacity (see Figure 17).

Shear pin

Shear pins connect the rotating nut and bar at their threaded

end. These pins are mechanically designed to break when a
predetermined force/load is exceeded. The case study mine utilises
a 4.5 mm shear pin that fails between 60 kN and 90 kN, illustrating
that the resin inside the support hole has cured and that the
tensioning process has been initiated.

Spanner tests were conducted on underground installations to
verify that the shear pins in the nuts failed at their designed torque
(refer to Figure 18b). A total of 40 tests were conducted, 20 tests on
30-day old installations and an additional 20 tests on the same day
of installation. Shear pins on 30-day old installations failed at an
average torque of 118 N.m (standard deviation of 15 N.m), whereas
shear pins tested on the same day of installation failed at an average
torque of 73 N.m (standard deviation of 5 N.m). It is believed that
corrosion may have contributed to the increase in failure load of
shear pins on the 30-day old installations.

Load indicator

Load indicator washers have been around since the early 1960s.
These washers are situated between the nut and faceplate to visually

a) Regia £
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a
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represent the clamping force or preload during the tensioning
process. Tensioning of resin bolts provide clamping forces into the
surrounding rock mass, critical to rock reinforcement and eftective
skin control. The case study mine utilises a 40 mm x 2 mm load
indicator that collapses at 15 kN, illustrating the tension applied
between the rock bolt faceplate and nut.

Corrosiveness

The prevalence of gloving not only impacts the bond strength

of resin bolt installations, but it also detrimentally affects the
corrosion protection of the resin bar. Fully encapsulated resin bolts
offer excellent protection from corrosion, however, poor mixing
during resin bolt installations and resultant voids expose the bar to
corrosive elements.

Resin bolting applications in hard rock mines tend to
undervalue the importance of faceplates. Faceplates typically have
smaller dimensions compared to other rock bolting applications,
and based on industry practices or norms, do not require
replacement or re-tensioning after the resin mastic has cured. The
need to re-tension or replace faceplates is one of the most discussed
topics in resin bolting. It is thought that if the resin inside a support
hole is properly mixed, cured and the bar is fully encapsulated in
resin, the resin bolt installation can transfer load along its entire
length. Unfortunately, these underlying assumptions cannot be
verified unless the resin bolt installation was personally inspected,
which is not practically feasible. Observations at the case study mine
strongly suggest that faceplates are a vital component for effective

b)

Figure 19—(a) Load - deformation graph of load indicators, and (b) a collapsed load indicator against a mesh strap
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Fast-sai resm

Slow-sel resn

Figure 20—Simplified cross-section showing the slow set resin capsule (i.e.,
yellow capsule) in the fractured zone around an underground tunnel

skin control, especially in highly discontinuous rock masses. In
addition, the faceplate should not be analysed in isolation, as in
most cases, it forms part of a greater support system. For example,
resin bolt faceplates are integral to the overall performance of

the greater support system where interaction with areal support
elements is prevalent, such as mesh and/or shotcrete (Gouvea, Du
Plessis, 2022).

Underground testing

Rock falls recorded at the mine were predominantly close to the
excavation surface. As a result, full-scale underground testing was
conducted to determine the ability of resin bolts to transfer load
close to the skin of the excavation.

Methodology

Based on the depth of fracturing and historical fallouts recorded at
the mine, it was evident that the yellow cartridge or slow set resin
capsule was situated in the ‘unstable’ fractured zone surrounding
excavations (refer to Figure 20). It is therefore crucial that the
proximal end of the resin bolt is encapsulated in resin and tensioned
for effective skin control and load transfer. Underground pull testing

Slow-getting
resin cartrudge

Resin Boll

Figure 21—Resin sequence and setup during testing

Inert resin

cartrndge

was conducted to quantify the load transfer capabilities of resin
bolts for the section of the bar encapsulated in slow set resin.

Considering that fallout heights were limited and close to the
skin of the excavation, in addition to the configuration of the resin
bolt favouring mixing at the distal end of the bar, there was no
evidence to question the encapsulation or performance of the fast-
setting resin.

Test setup and parameters

The Novatek MK5 rock drill was used to drill support holes and
install resin bolts at the underground test site. The performance and
specifications of the Novatek rock drill were comparable to those

of the Sulzer, hence only one rock drill was used during testing.
Support holes were 1.8 m long, drilled using both @ 34 mm and @
38 mm drill bits.

A 900 mm x 32 mm inert resin capsule was inserted into the
support hole, followed by a 900 mm x 32 mm slow set resin capsule
(refer to Figure 21). Inert resin capsules are chemically inactive as
their catalyst component has been removed. As a result, the bonding
strength of the resin bolt installations relied entirely on the section
of the bar encapsulated by slow set resin. Inert resin capsules were
specially manufactured for these tests, as removing the catalyst from
existing cartridges reduced their rigidity, causing them to
bend or flop.

Two different installation practices were observed at the mine
where resin bolts were driven halfway into support holes before
spinning took place, and where resin bolts were driven to the back
of support holes before spinning. In addition to these practices, a
third variation was tested where resin bolts were mixed starting
from the collar of the support hole (see Figure 22). The spinning
cycle of 15 seconds was measured from the point at which the
resin bolt came into contact with the inert resin capsule (during
spinning).

Five resin bolts were installed and tested per variation. Pull
testing was conducted on the installed resin bolts 24 hours after
they were installed, amounting to a total of 30 tests. Pull tests were
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Figure 22—Testing process map
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Figure 23—Underground pull testing
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Figure 24—Load vs. displacement graph (mean of five tests per combination)

Figure 25—Resin outflow comparison between a @ 34 mm and @ 38 mm support hole

conducted up to 140 kN, as the resin bolt yield load was 150 kN,
measuring deformation at 10 kN intervals. Measuring deformation
with a vernier in this application was challenging due to the
confined space between the pull test frame and the hydraulic ram.

Test results

Figure 24 shows the results of the pull tests that were conducted.
‘Pumpable Resin A’ and ‘Pumpable Resin B’ were added to the graph
for comparative purposes. These two variations were tested at a
deep-level gold mine using pumpable resin with similar hole annuli.

Test results indicated that the bond strength of resin bolt
installations was mostly unaffected for hole annuli up to 11 mm.
The only records of premature pullout were recorded where a @ 38
mm drill bit was used, and the bar was inserted up to the back of
the support hole before spinning. The stiffness of the resin bond was
strikingly high for all stable results, indicating the resin’s ability to
prevent the opening of discontinuities.

Visually, resin was flowing from the support hole collar where
a © 34 mm drill bit was used (see Figure 25). On average, the
bottom 35 cm of the support hole towards the excavation skin was
not encapsulated in resin when a @ 38 mm drill bit was used (81%
VOLUME 125
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of the bar encapsulated in resin). While the effects of gloved but
mixed resin inside most @ 38 mm support holes may be minimal
on bond strength, the debonded section of the resin bar close to the
excavation surface offers no reinforcement or support and exposes
the resin bar to possible corrosion.

Test results showed that resin bolt installations using @ 38 mm
drill bits were not fully encapsulated in resin and were therefore
entirely reliant on the face plate for load transfer near the skin of
the excavation. Considering that most resin bolt installations at the
mine used @ 38 mm drill bits, a comprehensive strategy is required
to address the loss of load transfer capabilities and clamping in the
fractured zone surrounding excavations.

Traditional pull testing, which is the primary underground
quality control method for South African mines, failed to identify
that resin bolt installations using @ 38 mm drill bits were defective
(ie., not fully encapsulated in resin). This is an inherent flaw in
current quality assurance systems across the country that poses a
significant fall of ground risk, as evidenced by actual uncontrolled
rockfalls between resin bolts at the case study mine. In its current
state, defects related to encapsulation and load transfer capabilities
are unfortunately only detected after a fall of ground has taken
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place. Additional quality control or quality assurance measures are
needed to determine the extent of resin encapsulation in a support
hole to effectively identify defective resin bolt installations.

Non-destructive testing

There has been an increase in research efforts in the field of non-
destructive testing to assess the encapsulation of underground
resin bolts. Baci¢ et al. (2019) provided a useful overview of non-
destructive testing methods available in the industry, indicating
that rock bolt testing has taken a direction towards instrumentation
with sensors. Many acoustics-based or vibration-based methods
take advantage of modern sensor types such as piezoelectric
sensors, optic fibres, etc. Additionally, modern signal processing
tools, as well as other advanced computing systems such as neural
networks, further open doors to the continuous development of
non-destructive methods.

Hassell et al. (2019) conducted a series of non-destructive tests
using a hammer blow to create a seismic source and a transducer
to detect the resultant vibrations. These recordings were then
interpreted to provide an estimate of bolt length and a qualitative
assessment of encapsulation quality.

A total of 56 cable bolts and 58 solid bar bolts were tested at
an underground site in Australia to validate the testing technique.
The diagnosis of void spaces (regions of lack of bonding) was seen
as crucial and was successfully trialled. A similar non-destructive
testing method was presented by Godfrey et al. (1977). The
historical testing method measured the vibration response of a rock
bolt to broadband axial and/or transverse vibrations induced by
striking the collar end of a rock bolt. The resonant frequencies of a
partially encapsulated rock bolt were different from those of a fully
encapsulated rock bolt and were interpreted to give the degree of
bonding between the resin and rock bolt and the axial extent of a
void.

In 2023, Staniek also reported on an experimental non-
destructive method to test for the full encapsulation of rock bolt
installations. The method, which uses modal analysis procedures,
is based on impact excitation (i.e., impact hammer) where the
natural frequency of rock bolts is compared to rock bolts installed
underground. The method was successfully applied over two years,
having tested 70 rock bolts with a length up to 2.5 m.

Destructive testing techniques, such as overcoring, are
predominantly used in the mining industry to assess the
encapsulation of resin bolts (Craig, 2012), however, these methods
are relatively expensive and laborious. Notwithstanding the
challenges associated with non-destructive testing techniques, it
provides vital insights into the encapsulation of resin bolts.

Conclusions

The data presented in this paper illustrate the limitations that pull
testing has, as the primary quality control or quality assurance
testing method, to identify defective resin bolt installations.
Traditional pull testing is a measure of bond strength; however,
it fails to quantify or qualify resin encapsulation along the entire
length of the resin bolt. Load transfer capabilities of resin bolts are
primarily dictated by encapsulation and are critical to the success
of a resin bolting support system. Non-destructive test methods
need to supplement traditional pull testing to determine the extent
of resin encapsulation and effectively identify defective resin bolt
installations.

Despite the use of hydro-powered equipment, the installation
quality of resin bolts was overdependent on the practices and
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actions of underground operators. The fundamental reliance on
human behaviour to install resin bolts that are free from defects

or significant variations is unfitting. Elimination, substitutive,

and engineering controls (i.e., hierarchy of controls) should be
considered to reduce the probability or impact of potential rock
falls. The expected quality of resin bolt installations must be
considered in their design to ensure robust support. The paper
further signifies the importance of purposeful monitoring and
over inspection of actual underground support installations (e.g.,
planned task observations and visible field leadership), ensuring
that support products used at the mine are designed and operated in
a manner that enhances health and safety (Mine Health and Safety
Act, 1996).
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Rockburst risk management in deep
hard rock mines: A multi-tiered
approach with dynamic ground support
as the last line of defense

by B. Simser"

Abstract

Rockbursting around underground excavations continues to be a core risk for many deep
mining operations. Numerous advancements in mine design, preconditioning, monitoring,
mining equipment, exclusion zones, and ground support have significantly lowered the risk
to mine workers. As mining continues in deeper, more challenging environments, a multi-
tiered approach to rockburst risk mitigation, starting with mine design, is required. Both the
overall mine sequence, for example, avoiding converging mining fronts, and local design “stick
handling” can play an important role in risk reduction.

Rockburst case studies dating back to the late 1990s up until 2024 are used to highlight risk
factors and risk mitigation (tactical and strategic). Examples from several deep hard rock mines
are used, generally in high horizontal stress fields (k ratios 1.5 to 2), and strong brittle rock
(> 200 MPa unconfined compressive strength). Mining induced stresses as well as high in situ
stress due to depth are discussed. The context is Canadian mining, which typically has highly
mechanised operations, large openings and equipment. Examples from a narrow vein mine and
shaft sinking are also given because neither environment is simple to mechanise, highlighting
the need for other risk mitigations.

A “sieve” analysis based on mine incident reports is used to show how a multi-tiered risk
management plan can lower exposure to violent ground failures. A few incidents still make
their way through the “sieve,” indicating a need for further improvements. Thoughts on future/
current developments, and their strategic importance are given.

Ground support is the last line of defence. The proliferation of multiple styles of yielding
tendons and support systems has made many choices available to rock engineering professionals.
Despite the increased availability of dynamic ground support components, there are still
difficulties getting clean load transfer to bolts, determining support demand, monitoring loss
of capacity over time/mining, and evaluating true system capacity.

Virgin development in deep high stress brittle rock can result in high strainburst
exposure prior to any stoping operations. The mining process must reduce worker exposure to
unsupported rockmasses. Successful preconditioning in a shaft sinking operation, the use of
high early strength shotcrete, and mechanised equipment are also discussed.

Keywords

rockburst, rockburst risk management, deep mining, dynamic ground support

Introduction

Rockbursts in mining have resulted in safety and production challenges over the last century. As
orebodies go deeper, and mining occurs in higher risk environments, mitigations for dynamic rockmass
failures become increasingly important. Large magnitude seismic events (Counter, 2014; Jalbout, 2024;
Mawson et al., 2022) continue to be difficult to manage. Their source mechanisms are often complex,
and damage can be widespread. Many improvements have been made with respect to dynamic ground
support systems, mechanised equipment, and mine design. Seismic monitoring systems are becoming
better as computing technology improves, and implementation of longhole sensors (Butler, Simser,
2017) allows for early deployment and improved 3D coverage. The focus of this paper is on rockburst
risk mitigation and its effectiveness. Robust ground support, and best practice mine design will limit the
collateral damage from large seismic events.

The examples shown are from mines that typically record a few events greater than moment
magnitude 2 per year, with variable rockburst damage from a few tonnes to a few hundred tonnes.
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Mining methods varied from narrow vein cut and fill (underhand,
overhand, drift and fill), narrow vein blasthole (upholes or
downholes), and sub level open stoping with delayed backfill.
Although the specific risk mitigations may not directly apply to

all mining methods (for example caving, or narrow reef tabular
mining), the principals of using mining strategies both on the
global and local scale, reduced exposure, and robust ground support
apply to all rockburst prone mines. Tunnel and shaft development
examples are also used, which tend to be independent of the local
mining method.

A multi-tiered risk mitigation strategy is required for deep
mining. For example, even if a dynamic ground support system
successfully contains rockburst damage, it is still much better not
to have a worker in the area when it occurs. Conversely, even if
workers can reliably be kept out of an elevated rockburst risk area,
say by tele-remote equipment, the access is still required for removal
of ore, or ventilation or other purposes. The exclusion protocol does
not negate the need for rockburst resilient ground support.

Mine design is the first line of defence. It is well known that risk
increases as mining fronts converge, whether on the scale of two
tunnels approaching one another or independent mining fronts

used for early ramp up of productive capacity. Underhand mining
(top down with accesses under backfill) can create an independent
mining front without converging on an existing one. Most of the
man entry requirements are in the drilling/loading horizon of a
stope; placing the access under engineered material that does not
burst (cemented tailings backfill) can dramatically reduce exposure.
Section 3 of this paper briefly shows a successful example of a sill
pillar extraction between 1320 m and 1355 m below surface at

a hard rock mine. Table 1 demonstrates a non-exhaustive list of
strategies and tactics for rockburst risk mitigation and several of the
items listed have specific examples in the body of the paper.

A simple rockburst model

Although there are many diverse types of rockburst mechanisms
(Ortlepp, 1997), the simple model shown in Figure 1 is useful for
both understanding risk and risk mitigation. The model represents
homogeneous rock in a high horizontal stress field. A zone of
stress-fractured material around the excavation is represented by
the low stress contours, whereas stored strain energy is represented
by the hot colours.

Table 1

Some rockburst mitigation strategies/tactics

Global Mine Design (some factors, not an exhaustive list)
+  Overall design impacts risk prafile
Converging mining fronts (e.g. sill pillars)

Chevron shape, leads/lags, bad geometries
Blast hole/bulk mining (more remote i ) versus jumbo/h

Yielding pillars (e.g. Primary/Secondary layouts at depth, mine 50% of reserve in low stress)

d-held mining {e.g. cut and

fill)
=  Local Mine Design
= Mining under backfill
*  Developing through yielded and/or stress shadowed ground

distance
*  Smaller openings less wulnerable than large openings

+  Developingin less burst prone rock types, avoiding faultsfdykes or crossing at shortest

Exclusion

« Barricading old areas

= Seismic re-entry protocols

= Remotely operated
equipment

Pre-conditioning
* Local scale (jumbo holes around development)
* Larger rockmass scale

* Hydraulic fracturing

= Choke blast patterns

Last line of defense - Ground Suppaort

* Dynamic capacity
= Timing of installation
* Earlier generally more effective
* What portion of the cycle does it protect?
* E.g.Face screening often anly protects loading eyele

Flat Eetx HaSer et

+  Parimarer plastholes palntod
& il
and gravity dropout of st
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Figure 1—A simple model for strain bursts around tunnels. The locally stored energy/stress concentration around the excavation is often the source of the strain burst
energy
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Figure 2—Left: deep level (2490 m) shaft station excavation. The back was sprayed with rapid set shotcrete shortly after removing the blasted material. Right: view of
intense stress fractures that were ahead of the previous advances face, exposed by the next advance (1400 m)

A dilemma for deep mining is that scaling or removal of the
stress fractured material, reduces confinement and heads towards
high stress concentration. In most cases this leads to more fractures
forming, but in some cases, it may lead to violent bursting. The
photo shown in Figure 1 initially had a flat back drilled profile, with
gravity and bolter scaling resulting in a more stable arched shape.
Strainburst risk increases as the confinement is reduced, so the
trade-off becomes more dead weight (fractured material) on the
ground support versus stored strain energy closer to the skin of the
opening. Numerous factors affect the risk level: stronger rock can
store more energy; deeper, increased extraction, and converging
mining fronts all increase stress; standup time allows the fracture
zone to dilate, loosen and more material is likely to fall out or be
scaled out. Conversely ground support inhibits dilation, preserves
confinement and lowers the strainburst potential.

The depth of fracturing around openings is a function of stress/
strength. In strong, hard brittle rock (Figures 1 and 2), the process
is time dependent. On the left side of Figure 2, the back was
sprayed with rapid set shotcrete prior to bolting and screening. The
early application of shotcrete provides confinement to the stress
fractures forming around the opening (high horizontal stress, so
fractures preferentially form in the back). In many shaft sinking
operations, early development off the shaft barrel is completed by
hand-held bolting and drilling. If the operator is spending time
scaling out loose material, then exposure time increases, and the
loss of confinement by removing the fractured ground increases
strainburst risk. Although the shotcrete may not be sufficient for
final excavation stability, it can contain the stress fractured material
and preserve confinement. Field observations also show that if the
heading gets hit later by dynamic loading, the shotcrete helps the
outer layer of mesh and bolts by spreading the impulse load more
evenly.

Although time-dependent failure in soft rock is well known
(e.g., salt or potash), there can also be a significant impact in hard
brittle rock when under high stress conditions. The right side of
Figure 2 shows very intense stress fracturing that was ahead of
the previous advances face. The depth and intensity of fracturing
becomes more prominent the longer the face sits. In this example,
that face was not advanced for approximately ten days 1400 m
below surface with rock unconfined compressive strength of 250
MPa, and high stress conditions. Typical observations show limited
face fracturing at this depth in similar rock types if the next advance
occurs within a few shifts. At greater depths (~2500 m) in similar
rock masses, observing increased stress fracture intensity and depth
is common when development headings are not advanced for
several days (Figure 3).
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Figure 3—Fresh development round at 2490 m below surface in high
horizontal stress (~1.5 x weight of overburden). Stress fractures from the
back have dropped via gravity onto the blasted muck pile. The hanging mesh/
friction sets were used to support the face prior to blasting

The case study of the shaft station in Figure 2 was successful
because the schedule of shaft sinking is always very tight. The rapid
set shotcrete was applied soon after the blasted material had been
removed and could be bolted within one hour of application. Lateral
development in the same rock types at the same depth has highly
variable back overbreak and bolting times. In general, the longer the
operators leave the new blast unsupported, the higher the overbreak
and the longer the bolting time.

For precondition blasting, a similar model to that of Figure
1 is useful to target the “destress” zone. Hall et al. (2024) used
precondition holes ahead of the planned break of a deep shaft sink.
The intent was to target the stored strain energy based on the depth
of fracturing observations. In the shaft sinking application, observed
seismic activity increased as the blasted material was removed.

The loss of confinement caused increased frequency of strainburst
incidents (Figure 4). With the preconditioning holes and ensuring
that the operator did not remove material past the planned break
(no excessive scaling), the risk was reduced. The blasting pattern
had to be customised for different rock types, as the depth of
fracturing increases with weaker rock. Stemming of vertical holes

is simple, and effective (gravity + gravel). This is not necessarily the
case for lateral development where a lot of the preconditioning blast
energy tends to rifle out the hole collar.

Reducing the “coiled spring” of stored energy near the skin of
the opening is key to reducing the strainburst potential (Figure 5).
However, this only partially addresses other rockburst risks such
as fault slip or large-scale pillar bursts. By having an increased
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Figure 4—Top left shows seismic monitoring records for a deep shaft development cycle. Small magnitude events increase in frequency when the blasted rock

is removed from the bench face (loss of confinement). This is when workers are normally checking for misfires and prepping for the next advance. By adding
preconditioning blast holes, targeting the high stress zone ahead of the bench, and by NOT over scaling/mucking, the situation was alleviated. The lower left seismic
records show no increased activity after the blasted muck was removed indicating successful preconditioning (Hall et al., 2024)
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Figure 5—Left: wall burst material consisting of brittle rock, shotcrete and rebar. Shotcrete as the outer later has low deformation capacity. Right: same area after
rehabilitation. This wall burst fits the simple model of the strain energy beyond the fracture zone being suddenly released (Simser, 2017)

“cushion” around the opening, knitted together by ground support,
the impact of far field events may be dampened, but not necessarily
eliminated. The far field event is often a good trigger to release the
coiled spring (Simser, 2019).

Underhand mining

The use of excavations in backfill does not fit the simple model used
in the aforementioned section. Backfill simply cannot store enough
strain energy to generate rockbursts. Well engineered fill can be
a safe place to be in the event of large magnitude seismicity (no
coiled springs). The practice of underhand mining has been around
for a long time (Pigott, Hall, 1961) and remains an effective risk
mitigation for high stress mining.

Following, an example is shown from a sill pillar extraction
at 1355 m below surface. The orebody was wide enough for three
panels in the transverse direction (90 m total), with floor to floor
spacing of 30 m. The original crosscut from the overhand mining
was re-accessed by benching the floor and coming under cemented
» 652
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tailings backfill (hydraulic fill with unconfined compressive strength
of about 2 MPa). Ground support consisted of fibre reinforced
shotcrete, welded wire mesh, and expandable rockbolts.

During the mining of the third panel below the backfill, a large
(moment magnitude 1.5) seismic event occurred in the stope crown
after the first blast was taken. The standard practise at the mine was
to take a ~30 000 tonne stope in two blasts using a 1.2 m raisebore
as a slot. The first blast (“toe shot”) trims the bottom of enough
holes to get sufficient void for a final stope blast. For deep mining,
the in-stope blasting sequence may need to be further altered to
avoid shrinking an in-stope pillar, by daylighting to the overcut and
slashing into the void for the final blast. This example highlights
why that is a better method. Fewer blasting steps equate to lower
worker exposure and better fragmentation. In this case the toes of
the holes were fired first, creating a pillar between the overcut and
the undercut (Figure 6).

The narrow span of the overcut (5 m) combined with ground
support, and the ground motion dampening/attenuation role of
the backfill reduced the potential rockburst damage. Some lower
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Figure 6—Sill pillar extracted 1355 m below surface (red arrow). The mined-out stopes above were filled with cemented hydraulic tailings. The sill pillar overcut was
established by benching under/through the fill about 5 years after the original stope above was mined. The tunnel profile is 5 m x 5 m and mine sub level spacing was

30 m
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Figure 7—Left: Cross-section of stoping area showing seismicity in the crown (top portion) of the stope after the void blast (lower portion or “toes” of the blastholes
fired). A moment magnitude 1.5 event occurred eleven days after the blast. Damage consisted of open stope slough onto the original blasted material. The overcut

under backfill had minimal damage

wall shakedown occurred (Figure 7) but only required minor
cleanup and check scaling. Fill undercut on the scale of a mined-
out stope (12.5m W x 30 m L in this example) can be prone to
failure, however this stage is an open stope with no personnel access
allowed.

Hierarchy of controls/control effectiveness

At great depth, in hard brittle rock, there may be sufficient

high stress to make every development round a bursting risk.
From experience, most advances do not burst but are prone to
spalling and small magnitude seismic activity. This seismicity is
a record of inelastic rockmass damage. The safety implications
of a rockburst require that protection be in place, because even
if a small percentage of rounds experience more violent failure,
the consequences can be severe. In this type of environment, a
robust process is required, because the uncertainty of which round
might burst can not be easily resolved. High areal coverage, high
deformation capacity (mesh on the outside), and dynamic bolts

The Journal of the Southern African Institute of Mining and Metallurgy

are applied. Equally important is the selection of mechanised
equipment, to lower worker exposure to unsupported ground. There
are several choices available such as the Australian style jumbo
bolting, platform bolters with robotic arms, and Scandinavian style
boom bolters (Figure 8).

Mine design plays a significant role in controlling rockburst
risk, especially for larger seismic events. Simser et al. (2024)
describe how overall increasing mine extraction leads to increased
abutment stresses, and more seismicity, as well as faults becoming
more mobile with time/extraction. Fault resistance to slip breaks
down as asperities and/or rock bridges break down by repeated
seismic activity and fault creep (inelastic deformation). As mining
advances, the structures are pierced by more stopes, giving them
increased freedom to displace. Ideally the mining advance would be
away from the fault zone, however this is not always possible when
there are multiple faults. Recognising the stress trapping between
the fault and the mining front is also important. Appendix 1 shows
an example of elevated seismicity under these circumstances.
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Figure 8—Mechanised bolting with hollow core dynamic bolts and pumpable
resin. The machine has a mesh handling arm and carousel/drill boom so that
all ground support can be completed with the operator in the enclosed cab
Left image is a close-up view of the bolting carousel/drill, right image is the
same machine with the mesh transportation holder in the foreground

The figures depict a high stress abutment mining area with an
underhand mining configuration, primary/secondary stopes and

a seismically active fault zone. There were several design “stick
handling” manoeuvres that were required to safely extract the area,
which are alluded to in the image.

Converging mining fronts are well known stress raisers and
elevate rockburst risk. Pillar failures, both on the converging
mining front scale and local scale (e.g., draw point pillars, stope
pillars, etc.), are also a well-known seismic source. In the mining
layout shown in Figure 6, primary/secondary stopes were used. The
secondary stopes are ore pillars that are mined after the adjacent
primary stopes are extracted/backfilled. The pillars are left with
slender width/height ratios (Jalbout et al., 2014) so that they do
not build excessive confinement in the core and yield out benignly.
The exact width/height ratio will be a function of both rockmass
strength and stress. Slender pillars need to have an approximate
W/H < 2/3 for hard rockmasses. Pillars that start to have W/H
ratios > 1 will tend to build up enough confinement that the core
of the pillar still carries load. Irrespective of the exact ratio, in
narrow tabular deposits and narrow vein deposits it is difficult to
design yielding pillars, as most mining geometries will result in
squat pillars, and low W/H ratio pillars are likely to spall excessively
(Andrews et al., 2019).

suiface, wwisl
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The following Figures 9a to 9j show a progression of annual
mining steps in a narrow vein copper mine. The veins have an
overall dip of about 45° but locally range from flat to near 90°.
Most of the mining was done by cut and fill, with some longhole
extraction in converging mining fronts to reduce man entry
requirements. The longhole method was optimised for stopes to
be extracted in two steps: slot (void blast) and final blast. The final
mucking access was typically positioned midway along strike,
perpendicular to the vein. This process requires camera mucking
left/right but keeps the remote stand outside of the plane of high
stress, shadowed by the veins’ extraction. Cut and fill mining
practise varied to account for local dip, flat areas using drift and
fill (mine a cut, cemented tailings backfill, mine adjacent to the
backfill), overhand cut and fill (work on top of previous cuts
backfill), and underhand (work below previous cuts backfill).

The mining progression shown was from 2015 to 2024, however
historic extraction in the general area started in 1983. Rockburst
incidents are shown with a “sieve” analysis (Table 1), indicating the
effectiveness of controls. A few incidents were not controlled (leak
through the sieve). No injuries occurred in any of the examples, but
the potential existed. The complex network of veins created many
geotechnical risks:

»  Converging mining fronts (sill pillars).

»  “Island pillars” where isolated waste blocks were formed by
surrounding cut and fill mining.

»  Mining towards a major fault zone. In this case the fault zone
acted as a stress flow barrier, pinching stress between the
mining front and the fault.

Typical cut dimensions were 3 m x 3 m or 4 m x 4 m, so most
pillars left behind have high W/H ratio (squat). For converging
mining fronts, empirical experience at the mine required a
minimum of four cuts left (12 m) to safely switch to longhole
mining. Numerical model back analysis thresholds were also
determined, but in general the rule of thumb worked well. Some
flatter dip areas could not be mined via longhole methods, and the
last few cuts in a convergence zone were left unrecovered.

Figures 9a to 9j represent a small volume of the mine,
approximately 300 m x 350 m x 150 m and 1400 m below surface.

Figure 9a—Series of annual seismicity plots for a portion of an underground copper mine. Left image shows a long sectional view where drift and fill mining
gradually approached a prominent fault zone, advancing from left to right in the image. The central image is a plan view of the same general area, where both
converging mining fronts and isolated “island” pillars form. Right photo shows damage observed from the seismic event highlighted in the centre image

Ny nogiris

Figure 9b—Continuation from figure 9a left, showing annual seismicity plots as the drift and fill mining of a relatively flat vein advances toward the fault zone. The
curvature of the vein in plan view meant that some portions were closer to the fault, the grey tunnels are 3 m x 3 m for scale
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Figure 9c—By 2019 the outer flank of the curving vein was close enough to the fault zone that increased seismicity occurred. A strainburst happened prior to the face
ground support being installed (seismic event associated with the burst indicated in the central image)
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Figure 9d—The seismicity spread more vertically in line with the fault zone trapping stress between the mining front and the fault. Another strainburst incident
occurred

Figure 9e—The drift and fill mining was also approaching the mined-out vein above. Relatively large seismic events shown in the central figure (moment magnitude)
had contained rockburst damage as shown on the photo

Figure 9f— The sill pillar vertically below the one forming in figure 9e experienced a moment magnitude 1.8 seismic event with some face and lower wall heave as well
as contained damage, as shown in the photographs

Figure 9g—An interior “island” pillar, which formed in the general region had two large events, damage shown was from the moment magnitude 1.2 event while the
magnitude 1.7 event only caused local shotcrete cracking/mesh bagging

Figure 9h—A moment magnitude 1.6 seismic event caused a face rockburst in the drift and fill heading, again before the face bolts and screen could be installed
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Figure 9i—A local interior “island” pillar experienced a moderate magnitude seismic event (magnitude 0 shown in the central figure) causing damage to the

unsupported area in a longhole overcut heading

Figure 9j—The same “island” pillar shown in Figure 9g experienced another large seismic event (moment magnitude 2 shown in the central image), which had

significant damage (photo)

Table 2

Summary of the 9 incidents shown in Figure 9. Although no injuries occurred, the red text highlights where
the risk was not fully mitigated. This can be seen as a sort of “sieve” analysis to determine where controls that
were in place were not sufficient to eliminate risk to workers

Incident | Mining geometry | Precursory seismic activity | Blast within 48 hours | Hindsight remedial measure
1 Island pillar none no Support to floor

2 Sill pillar Normal local seismicity no Remote load/wire/fire

3 Sill pillar Normal local seismicity 26 hours Re-entry worked

4 Sill pillar Large event 1 hour before 8 hours Re-entry worked

5 Sill pillar none no contained by support

6 Island pillar Large event 3 hours before no contained by support

7 Sill pillar Large event 20 hours before 27 hours Re-entry worked

8 Island pillar Normal local seismicity 41 hours Re-entry worked

9 Island pillar none no Heavier support

The host rocks are granitic with high strength and complexity
(breccias, gneisses > 250 MPa unconfined compressive strength).
The copper veins are much weaker (~100 MPa u.c.s.) and the large
strength contrast was a contributing factor to observed ground
conditions. All seismic events are coloured/sized according to
moment magnitude.

An exhaustive study of each incident is not included here but
the overall summary in Table 2 that follows can be thought of as
a “sieve”, where multiple controls were in place. Seismic re-entry,
rockburst prone support, and equipment selection were all part of
the controls. Limited ability to predict the incidents in exact time
and space was present, although risk factors, converging mining
fronts, approaching the fault zone, and “island” pillars were all
present. Narrow vein mining has fewer mechanised equipment
options than say, bulk mining, which typically has 5m x 5 m
tunnels, allowing for larger jumbos, bolters, LHDs and other
equipment. The early mining in the area used handheld drills for
bolting (jacklegs and stopers) and was later switched to mechanised
bolting. The mechanised bolter was a scissor deck style rig that
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required cut and fill profiles to increase from 3 mx3 mto4 mx4 m
for operating clearances.

Ground support varied from older rebar/mesh systems to
yielding bolts and straps over mesh (75 mm aperture with 4.1 mm
wire sheets and mesh strapping with 100 mm aperture and 8.4
mm wire stands). Development faces were supported by mesh and
1.8 m friction sets. An important aspect of that is areal coverage
and timing of the face support. The advancing face is going to be
blasted, so the temporary face support only protects a portion of the
development cycle (loading). The practise at the mine was to bolt
and mesh the walls and back first, then install face support. Several
face bursts occurred before the face support was fully installed.

This specific area had high overall extraction, and several
converging mining fronts. Removing one sill pillar would add load
to other sills in the region. A blanket 48-hour seismic re-entry
protocol was used after all longhole blasts. This, in principle, could
be replaced by tele-remote equipment, eliminating risk to workers
by accepting potential equipment damage.
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Ground support (the last line of defense)

There are many inconvenient truths about rockburst resistant
ground support (Hadjigeorgiou, 2024). Most support testing is
based on axial loading, whereas a significant amount of shear
loading exists in the field, load transfer to small cross sectional
area tendons can be difficult, especially if fly rock is from small
fragments. The source region of a large seismic event may not

be supportable. Fortunately, the source region of most large

fault slip events is often offset some distance from excavations.
Despite limitations, there have been many improvements since the
pioneering work and guidance of people like Ortlepp and Stacey
(1997). The following section uses a few sample photographs to
illustrate a few key points regarding dynamic ground support. In
the authors’ opinion there is still room for improvement despite the
proliferation of multiple yielding bolt types available to industry
(Simser, 2018).

It is useful to visualise the effect of catching a fast ball or a line
drive off a cricket bat. This is best done by giving a little, rather than
using a stiff arm. Shotcrete on the outside does not have sufficient
deformation capacity, even if reinforced with mesh or fibres, it
can only deform a few centimetres, whereas a few decimetres are
required for strong bursts (Figures 5, and last visual in Figure 9).

Differential displacement occurs as large magnitude low
frequency seismic waves pass through. The shotcrete post in Figure
10 failed during a Richter magnitude 3.7 event, the floor and back
momentarily came closer, the stiff post in between did not survive
unscathed. Falls of ground can also occur where the wave passing
through momentarily interrupts clamping stress, for example, a
steep wedge in high horizontal static stress.

A major design dilemma is what capacity to use for any
individual tendon. Dynamic testing in the lab usually represents
excellent load transfer, and maximum dynamic capacity (Li et al,,
2024). Li et al. (2021) also highlighted the fact that an individual

testing rig may have repeatable results for a specific bolt type, but
there are inconsistencies between different test facilities. In situ it
is difficult to get clean load transfer to the tendon, and many rock
bolts do not fail during a burst or simply have a thread failure/plate
tearing off, which occurs at lower loads than a split tube lab test.

In contrast to Figure 12, where joint dilation improved load
transfer to the tendons and accommodated significant displacement
during the seismic loading, the examples from Figures 5, 10, and
11 are more like the “simple model” that was discussed earlier on.
Strain energy being suddenly released around the opening can eject
the stress fracture zone into small fragments, which can easily fly
out around the tendon.

Conclusions/discussion

The examples used in this paper are biased by experience in hard,
brittle rock in high horizontal stress conditions. Other bursting
types exist in mines, buckling of thin stiff layers, coal outbursts,
dykes exploding, and faults/joints slipping. Ground support is

the last line of defense, if possible no one wants to experience the
trauma of a large ground motion close by. Exclusion, either by
remotely operated equipment, barricading off old areas, central
blasting, or seismic re-entry protocols should always be part of the
risk mitigation strategy.

Mine design improvements clearly are required as more
challenging conditions are encountered. For example, it is common
practise to work multiple mining fronts to improve overall
productive capacity. The later convergence of these mining fronts
invariably increases stress, and rock bursting risk. At shallow depths
this may be fine, at great depth the use of diverging mining fronts
such as overhand/underhand lowers risk.

Some mining environments have inherently high strain burst
risk due to depth/rock types. Focus on the process, keeping workers
away from unsupported ground, becomes a critical control. Future

Figure 10—Deformation capacity is required to contain significant rockbursting. Mesh (left) can deform several decimetres if a weak link does not fail. Common
weak links are sharp edged plates guillotining the wire strands, and seams between sheets peeling open. Bigger, stronger, more capacity does not work if there is
insufficient deformation capacity (right shotcrete post with capacity > 1000 tonnes crunched by a seismic wave passing through the area)

Figure 11—Left: “naked tendons”, a phrase coined by Ortlepp (1997) where the rockbolt does not break but the rock unravels around it, sometimes tearing of the face
plate, sometimes leaving the bolt intact. Right: successful containment of a strain burst, the shotcrete on the inner layer promotes more even loading to the outer layer
mesh. Despite using yielding tendons, there is still a deformation incompatibility between the highly compliant mesh and the stiff bolts. Rubber conveyor belt pieces

were used to back the steel face plates to prevent guillotining
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Figure 12—Blocky ground fares better than massive ground during a burst. The area shown had a seismic episode including moment magnitude 1.4, 1.8., and 1.9
seismic events. A substantial amount of deformation was absorbed by joint dilation, and dilating joints with smooth steel bars between them achieved good load
transfer, allowing the yielding tendon to work closer to the lab testing result. See also Simser (2018)

improvements would include remote load/wire/fire. The practise of
face screening in development is limited by the use of temporary
support capacity and only protects the loading cycle. The ensuing
blast-damaged face mesh and bolts are difficult to dispose of in new
mining projects with limited development.

The simple model of stored strain energy around the opening
as being the main source of rockburst energy is not universally
applicable. It does apply in many instances and shows the need
to target preconditioning holes to where the stored strain energy
is. This seems obvious, but many preconditioning patterns are
designed around where future bolt holes might intersect potentially
unexploded powder. The model also explains why over-scaling at
depth can create a hazard by removing confinement, and why rapid
application of shotcrete to lock in stress fractures can be effective.
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Appendix 1

Example of mine design lowering rockburst risk, overall approach and local “stick handling”
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Example of mine design “stick handling”

*  Lowergrade reserves between
1680m and 1720m
Added a few stopes near end of mine
life

+  Flat abutment, stff ground in the keel
of the minad-out orebodies above

*  Mined safely despite high seismic
activity and presence of fault zone
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Application of the boundary element
method for numerical modelling of the
seismic hazard at Bambanani gold mine
in South Africa

by J. Gerber™?, N. de Koker', Y Jooste?

Abstract

This paper presents a novel application of the boundary element method for numerical modelling
of the seismic activity and hazard that is associated with the shaft pillar extraction at Bambanani
mine in South Africa. In the numerical model, the tabular mining excavations are represented
by displacement discontinuity elements, and to accommodate crush, shear, and fault slip seismic
events, the numerical model is populated with additional displacement discontinuity elements
that represent modelled crush- and shear-type failures in the rockmass. Crush-type failures are
evaluated by applying the limit equilibrium method and a Hoek-Brown strength criterion, and
shear-type failures are evaluated by applying a Coulomb-friction strength criteria to Ortlepp-
shear and geological features. In this paper, the modelling results are presented as time history
analyses of modelled potency from 1 January 2010 to 30 June 2022 and normalised exceedance
rates for different mining periods using an upper-truncated power law. The normalised
exceedance rates of seismic events that have moment magnitude Mw > 1.0 are lowest for the
initial mining period (26 events per year) and highest for the final mining period (218 events
per year). The relative errors of the modelled potency and normalised exceedance rates are
typically less than 10% or 15%, which suggests that the modelling methodology is appropriate
for medium- and longer-term forecasting of seismic activity and hazard, as presented in this
paper. Shorter-term forecasting is not considered in this paper.

Keywords

mine seismology, numerical modelling, boundary element method, seismic hazard

Introduction

Seismic activity at underground mines is typically associated with fault slip seismic events that occur

on geological features and are similar to crustal earthquakes; shear events that occur on stress-induced
shear fractures or shear ruptures, e.g., Ortlepp-shear features at the deep gold mines in South Africa (Van
Aswegen, 2008), and crush events that occur as stress fracturing or strain bursting in the rockmass that
surrounds the mining excavations (Malovichko, 2020; Van Aswegen, 2021a,b; Malovichko, 2022). From
1 January 2020 to 31 December 2024, the underground seismic systems monitored by the Institute of
Mine Seismology (IMS) recorded approximately 1.8 million seismic events that have moment magnitude
-1.0 < M, < 4.0 at fourteen gold mines in the Witwatersrand Basin (Hanks, Kanamori, 1979; Handley,
2004; Tucker et al.,, 2016; Frimmel, 2019), including 180,834 events that have M, > 0.0, 19,011 events
that have M,, > 1.0, 1,017 events that have M, > 2.0 and 17 events that have M,, > 3.0. The largest seismic
event has moment magnitude M, = 3.4 and occurred on 16 March 2020 in the Carletonville gold field
and the second and third largest events have M,, = 3.3 and occurred on 10 February 2020 and 6 February
2022 in the Carletonville and Klerksdorp gold fields, respectively. Generally, the deep gold mines that
extract the tabular orebodies in the Witwatersrand Basin are considered to have significantly higher
seismic hazard and therefore higher risk of injuries and fatalities from seismic events than the shallower
mines in other regions and countries that have comparably lower seismic hazard and risk. From 1
January 2020 to 31 December 2024, 3,119 injuries and 102 fatalities occurred in the South African gold
mining industry (Mthenjane, 2025).

In crustal seismology, prediction of earthquakes is typically described as “extremely difficult” and
“effectively impossible” (Kagan, 1997; Geller, 1997) and in mine seismology, short-term forecasting of
seismic events using time history analyses is similarly described as “not sufficient” or “not viable” for
mitigating the above-mentioned risk of injuries and fatalities Van Aswegen, 2003, 2005; Spottiswoode,
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Figure 1—Schematic diagram of the Witwatersrand Basin in South Africa (left) and photographs of underground damage from a seismic event that occurred at

Bambanani mine in the Welkom gold field (top and bottom right)

2009, 2010). Until seismic monitoring is considered to have
predictive power (Kagan, 1999), numerical modelling applications
are probably the primary defenses against the devastations of
rockbursts, and therefore Salamon proposed the development

of a modelling methodology that accommodates “realistic
approximations of the source mechanisms” and facilitates
“assessment of the relative hazardousness of various geological
environments” (Salamon, 1993; Linkov, 1997, 2002, 2006, 2013;
Linkov et al., 2015, 2016). This paper summarises the development
of an appropriate and novel modelling methodology for medium-
and longer-term forecasting of seismic activity and hazard and
presents an application at a South African tabular orebody

mine, i.e., the shaft pillar extraction at Bambanani mine in the
Welkom gold field (Motsepe et al., 2021; Jooste, 2025). Figure 1
shows a schematic diagram of the Witwatersrand Basin (left) and
photographs of underground damage at Bambanani mine (right).
The gold fields in the Witwatersrand Basin are shown as yellow
regions and the Carletonville, Klerksdorp, and Welkom gold fields
are indicated by blue, green, and red dots, respectively (Jolley et al.,
2007). The underground photographs correspond to a crush seismic
event that has moment magnitude M,, = 1.6 and occurred on 11
October 2021 (Van der Wath et al., 2022).

Seismic monitoring

Source time and location

For a seismic event in this paper, the source time and location are
calculated by minimising the travel time residual for the primary
and secondary body waves (hereinafter referred to as P- and
S-waves, respectively) recorded by a collection of seismic sensors
(Salamon, Weibols, 1972; Gibowicz, Kijko, 1994b; Mendecki,
Sciocatti, 1997; Mendecki et al., 1999b; Andersen et al., 2002):

Ngs-1

P(to, Wo) = ED

n=

(ten — to) = 22| +

D
Ven (ts'" - to) - _V(:_:l

(1]

where t; is the source time of the seismic event, w, =
(WoWa,,Wo,2) ) is the source location vector, (o, Wy ) is the
travel time residual, Ngs is the number of seismic sensors, tp,,

is the arrival time of the P-wave recorded by the sensor with index
n < Ngs, ts,n is the arrival time of the S-wave, (g5 - fo ), and (ts,n

- to) is the travel time of the P- and S-wave respectively, Vp, and
Vsn are the corresponding P- and S-wave velocities, and D(wy ) is the
distance from the source location to the sensor. The IMS seismic
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system at Bambanani mine consists of ten geophone sensors
(Bredenkamp et al., 2013), and the average P- and S-wave velocities
are approximately Vp = 5300 m/s and Vs = 3550 nvs, respectively.

Source size and scalar potency

In crustal seismology, the source size of a fault slip seismic event

is typically expressed using scalar potency or moment, which

are calculated by integrating the fault deformation over the slip
surface, expressed in Equation 2 (Kanamori, 1977; King, 1978; Ben-
Menahem, Singh, 1981; Ben-Zion, Zhu, 2002):

P= J];ou (x,y)6xdy

(2]
M= ¥P L_s 3.5yP
T21+v)T T (2(1+v)Ae

where P is the scalar potency of the fault slip event, u(x,y) is the
fault deformation on the slip surface, Ag is the source area, M is the
corresponding scalar moment, L is the average source length, y is
Young’s Modulus, v is Poisson’s Ratio, and A ¢ is the average stress
drop (Eshelby, 1957). For the Bambanani mine, Young’s Modulus is
y = 70GPa, Poisson’s Ratio is v = 0.20, and the average stress drop
is A 0 =1MPa. Figure 2 shows a schematic diagram of a fault slip
event. The fault deformation on slip surface is indicated by black
arrows, the positive and negative subsurfaces are shown as red and
blue regions, respectively, and the source area of the event is shown
as a grey region.

In this paper, scalar potency is calculated by constructing the
displacement spectra of the P- and S-waves recorded by the IMS
seismic system at Bambanani mine (Aki, Richards, 1980; Gibowicz,
Kijko, 1994a; Mendecki, Niewiadomski, 1997; Mendecki et al.,
1999a):

Figure 2—Schematic diagram of a fault slip seismic event. The fault
deformation over the slip surface is indicated by black arrows, the
subsurfaces are shown as red and blue regions and the source area is shown
as a grey region
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P = 2rVE[RpVEDp + RsV3 0]

(3]
where Vp and Vs are the average P- and S-wave velocities,

respectively, Rp = 0.55, and R = 0.63 are the corresponding
radiation pattern factors, Qp and Qg are evaluated by fitting

O(fy = 0p /(1= (f o™} and 0(f) =0s/[1 = (f /o))" to
the displacement spectra of the P- and S-waves, Q is the spectral
amplitude, fis the spectral frequency, fo is the corner frequency, and
y and 7 are the spectral shape parameters (Brune, 1970; Boatwright,
1980).

Local magnitude and radiated energy

In mine seismology, the combined intensity of a seismic event is
sometimes expressed using local magnitude, which is calculated by
combining the logarithm of scalar potency as an indicator of the
source size and the logarithm of radiated energy as an indicator

of the body wave amplitudes (Butler, 1992; Burrows, Ebrahim-
Trollope, 2004; Stankiewicz, Essrich, 2004; Mendecki, 2013):

[4]

m;, = mplogP + mglogE +m,

where my is the local magnitude of the seismic event, logP is the
logarithm of scalar potency, logE is the logarithm of radiated energy,
and mp, mg and my are the local magnitude parameters. The local
magnitude parameters for Bambanani mine are mp = 0.516, mg =
0.344, and mo = -1.144 (Butler, Van Aswegen, 1993; Stankiewicz,
Essrich, 2004; Ebrahim-Trollope et al., 2013). For a seismic event

in this paper, radiated energy and local magnitude are calculated

by assuming a simple relationship between the logarithms of scalar
potency and radiated energy (logE = EplogP + Eo):

E= 10EplogP+Eu

my, = (mp + mgkp)logP + megEy +mg [5]
where E is the radiated energy of the seismic event, and Ep and Eo
are the radiated energy parameters. The radiated energy parameters
for Bambanani mine are Ep = 1.0, and Eq = 5.5. Table 1 summarises
the relationship between the logarithms of scalar potency and
radiated energy, average source length, moment magnitude (M, =
0.667logP + 0.95), and local magnitude (mr = 0.860logP + 0.748).

Seismic activity and hazard

Seismic activity

In this paper, seismic events supplied by Harmony Gold Mining
Company (Jooste, 2023) are considered for different mining periods
that are associated with the shaft pillar extraction at Bambanani
mine (hereinafter referred to as BAM_10-13, BAM_14-16,
BAM_17-19, BAM_20-22, and BAM_ALL). BAM_10-13 spans
1,461 days or 4 years from 1 January 2010 to 31 December 2013

and contains 6207 seismic events that have scalar potency logP >
-2.0 and local magnitude my > -1.0; BAM_14-16 spans 1,096 days

or 3 years from 1 January 2014 to 31 December 2016 and contains
13290 seismic events; BAM_17-19 similarly spans 1,095 days from

1 January 2017 to 31 December 2019 and contains 13,714 seismic
events; BAM_20-22 spans 943 days or 2.6 years from 1 January 2020
to 30 June 2022 and contains 12,368 seismic events; and BAM_ALL
spans 4,595 days or 12.6 years from 1 January 2010 to 30 June 2022.

Figure 3 shows a representative plan of the seismic activity
that is associated with the shaft pillar extraction at Bambanani
mine. Potentially damaging (PD) seismic events that have scalar
potency logP > 0.0 and local magnitude m; > 0.7 are indicated by
spheres that are sized by scalar potency and coloured according to
the different mining periods such that the blue, green, yellow, and
red spheres correspond to BAM_10-13, BAM_14-16, BAM_17-19,
and BAM_20-22, respectively. The initial mining excavations of
the shaft pillar extraction are shown as grey regions, and the final
mining excavations are shown as blue, green, yellow, and red regions
that similarly correspond to the mining periods. Some geological
features in the rockmass are indicated by black dashed lines.

Figure 4 shows the cumulative number of seismic events
recorded by the IMS seismic system at Bambanani mine with
respect to calendar time (left) and volume extracted (right) such
that the blue, green, yellow, and red lines correspond to BAM_10-
13, BAM_14-16, BAM_17-19, and BAM_20-22 respectively.
Significantly large (SL) seismic events that have scalar potency logP
> 1.0 and local magnitude my > 1.6 are indicated by circles that
are sized by scalar potency and similarly coloured according to the

[Joam to-13

] oas te-1d o 1719 [JaAM 30-23 —

Figure 3—Representative plan of the seismic activity associated with the
shaft pillar extraction at Bambanani mine. PD seismic events (logP > 0.0) are
shown as spheres that are sized by scalar potency and coloured blue, green,
yellow, and red according to the mining periods. The mining excavations are
shown as grey, blue, green, yellow, and red regions. Some geological features
in the rockmass are indicated by black dashed lines

Table 1

Relationship between the logarithms of scalar potency and radiated energy, average source length
(y=70GPa, v = 0.20, A ¢ = 1MPa), moment magnitude and local magnitude for Bambanani mine

logP -30| -25| -20| -15]-1.0| -05] 0.0 | 05 | 1.0 | 1.5 | 20 | 25 | 3.0 | 35 | 4.0
logE 25 |30 | 35 |40 |45 |50 |55 |60 |65 |70 75|80 85|90 095
Llm] | 5 7 10 15 |22 |32 | 47 | 69 102 | 149 | 219 | 321 | 472 | 692 | 1016
M,y -1.1| -07| -04|-01]03 |06 | 1.0 |13 |16 |20 |23 |26 |30 |33 |36
mr -1.8| -14| -10| -05| -01 103 | 0.7 | 1.2 | 16 | 20 | 25 | 29 | 33 | 3.8 | 42
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Figure 4—Cumulative number of seismic events with respect to calendar time (left) and volume extracted (right). The blue, green, yellow, and red lines correspond to
the different mining periods at Bambanani mine. SL seismic events (logP > 1.0) are indicated by similarly coloured circles that are sized by scalar potency

different mining periods of the shaft pillar extraction. BAM_10-13
contains 14 SL and 132 PD seismic events; BAM_14-16 contains
39 SL and 326 PD events including the largest event that has logP =
2.3 and my = 2.7 and occurred on 19 September 2014; BAM_17-19
contains 60 SL and 379 PD events; and BAM_20-22 contains 97 SL
and 392 PD events including the second and third largest events
that have JogP = 2.2 and my = 2.6 and occurred on 22 October 2021
and 22 November 2020, respectively.

Seismic hazard

In mine seismology, seismic hazard is typically expressed as an
exceedance probability (Pr), which is calculated by assuming
that the source times of seismic events are Poissonian (Kijko,
Funk, 1994; Du Toit, Mendecki, 2007) and the source sizes

are represented by an upper-truncated power law (Gutenberg,
Richter, 1944; Gibowicz, Kijko, 1994¢; Burroughs, Tebbens, 2001,
2002; Christensen et al., 2002; Kagan, 2010; Kwiatek et al., 2010;
Mendecki, 2012, 2016b):

Pr(=logQ) =1—exp[—N,(= logQ)] [6]

where Pr (> logQ) is the exceedance probability of a seismic event
that has scalar potency, logP > logQ, logQ is the logarithm of scalar
potency that corresponds to the exceedance threshold, N, is the
expected number of events that is evaluated by fitting an upper-
truncated power law N, (> logQ) = a[10F8Q — 10-logPyua4] to the
recorded number of events, Py is the maximum scalar potency
of the next record-breaking (RB) seismic event, and « and  are
the power-law parameters. In this paper, the maximum scalar
potency is estimated using the trend of previous RB seismic events
(Chandler, 1952; Robson, Whitlock, 1964; Cooke, 1979; Mendecki,
2016a), and for Bambanani mine, the maximum scalar potency is
logPpax= 2.5. The power-law parameters are Joga = 3.15 and 8 =
0.765.

Figure 5 shows a comparison of the expected number of
seismic events using the upper-truncated power law for BAM_ALL
and the number of events recorded by the IMS seismic system at
Bambanani mine. The expected number of seismic events that
have scalar potency logP > logQ is shown as a cyan line, and the
recorded number of events that have logP > logQ and logP = logQ
are, respectively, shown as magenta circles and grey squares that are
sized by scalar potency. The number of SL and PD seismic events
are appropriately represented by the upper-truncated power law,
e.g., the expected number of events are N (> 1.0) = 225 and N,

(2 0.0) = 1395, respectively, the recorded number of events are N,
» 664
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(2 1.0) =230 and N; (2 0.0) = 1357, respectively, and therefore the
corresponding relative errors are |N, (> 1.0) - Ny (= 1.0)[/N; (= 1.0)
=0.03 and |N; (= 0.0) - N; (20.0)|/N: (20.0) = 0.02, respectively.

In this paper, seismic hazard is expressed as a simple exceedance
rate (Er), which is calculated by scaling the expected number of
seismic events using the scalar potency for the different mining
periods that are associated with the shaft pillar extraction, i.e.,
BAM_10-13, BAM_14-16, BAM_17-19, BAM_20-22, and BAM_
ALL, and normalising the time span and volume extracted to some
reference period:
Trey Np(2 l0gQ)
Tonp -

Erp(2 logQy=

E vref

iy (2 logQ) = V—Np(z logQy
mp

J\fggziogol

Np(= logQ) = Ppp Peae
a

= Pmp P,

[10—31090 o 1[]—13fﬂgf’mux]

ot

where Er (> logQ) is the exceedance rate of a seismic event that
has scalar potency logP > logQ, Ty and Trris the time span for
the mining period and reference period, respectively, Vi and Vyer
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Figure 5—Comparison of the number of seismic events using the upper-
truncated power law (logPumax = 2.5, loga = 3.15, f = 0.765) and the number of
seismic events recorded at Bambanani mine. The expected number of seismic
events are shown as a cyan line (logP > logQ), and the recorded number of
events are shown as magenta circles (logP > logQ) and grey squares (logP >
logQ) that are sized by scalar potency
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are the corresponding volume extracted, Np (> logP) is the scaled
number of seismic events using scalar potency, Py is the scalar
potency for the mining period, and Py is the total scalar potency of
seismic events recorded by the IMS seismic system at Bambanani
mine. In this paper, the time span and volume extracted for the
reference period is Tr,f= 60days and Vs = 3300m’, respectively,
and the total scalar potency for BAM_ALL is Py, = 11836m”.

Table 2 summarises the scalar potency of seismic events, time span
and volume extracted for the mining periods of the shaft pillar
extraction at Bambanani Mine.

Figure 6 shows a comparison of the exceedance rates for the
normalised time span (left) and normalised volume extracted
(right) such that the blue, green, yellow, red, and black lines
correspond to BAM_10-13, BAM_14-16, BAM_17-19, BAM_20-22,
and BAM_ALL, respectively. The likelihood of a seismic event that
has scalar potency logP > logQ (similar to exceedance probability,
Pr=1 - exp[-Er]) is indicated by labelled grey regions and
described as “unlikely”, “possible’, “likely”, or “probable’, i.e.,

Err [Ery (> l0gQ)<0.2 is described as “unlikely”, 0.2 < Err /Ery

(2 logQ)<2.0 is described as “possible”, 2.0 < Err /Ery (2 logQ)<10.0
is described as “likely”, and Err /Ery (2 logQ)>10.0 is described as
“probable”. The exceedance rates of PD and SL seismic events for
the normalised volume extracted are lowest for BAM_10-13 and
BAM_14-16, i.e., 8.3 < Ery (20.0) < 12.0 and 1.3 < Ery (21.0)<1.9,
respectively; the exceedance rates are highest for BAM_20-22,

ie, Ery (20.0) = 40.1 and Ery (21.0) = 6.5, respectively; and

the exceedance rates for BAM_17-19 are higher than those for
BAM_10-13 and BAM_14-16 and lower than those for BAM_20-
22,ie., Ery (20.0) = 17.5 and Ery (21.0) = 2.8, respectively. The
exceedance rates for the mining periods of the shaft pillar extraction
suggest an increasing trend in the seismic hazard at Bambanani

mine, particularly with respect to RB seismic events that have scalar
potency logP > 2.3 and local magnitude my > 2.7 and are described
as “unlikely” for the initial mining period and “possible” for the final
mining period. The exceedance rates for the normalised time span
suggest a similar increasing trend in the seismic hazard.

Numerical modelling

Boundary element method

In the South African gold mining industry, numerical modelling
of underground mining excavations is typically performed by
applying the Boundary Element Method (BEM) and solving the
elasticity equations that correspond to displacement discontinuity
(DD) or fictitious force (FF) elements (Salamon, 1964; Starfield,
Crouch, 1973; Crouch, 1976a, 1976b; Banerjee, Butterfield, 1981;
Crouch, Starfield, 1983; Brebbia, 1984; Napier, Stephansen, 1987;
Ryder et al., 1999; Ryder, Malan, 2002). In this paper, the tabular
mining excavations at Bambanani mine are approximated using
planar surfaces and therefore represented by DD elements in the
corresponding BEM model (hereinafter referred to as the DD-BEM
model, non-tabular mining excavations are typically represented by
FF elements). Figure 7 shows a schematic diagram of a DD element
and DD vector u = (ux Uy ;) that represent planar deformation

in the local co-ordinate system of the DD surface, i.e., ux and u,
correspond to shear-type deformation in the XY plane (left and
middle, sometimes referred to as ride in the X and Y direction,
respectively, similar to fault deformation of a fault slip seismic
event), and u, corresponds to normal-type deformation along the
Z axis (right, sometimes referred to as convergence). The planar
deformation on the DD surface is indicated by black arrows and the
positive and negative subsurfaces with respect to the orientation

of the XY plane and Z axis are shown as yellow and green regions,
respectively.

Table 2

Scalar potency of seismic events, time span, and volume extracted for the different mining periods
that are associated with the shaft pillar extraction at Bambanani mine from 1 January 2010 to 30 June

2022
BAM_10-13 | BAM_14-16 | BAM_17-19 | BAM_20-22 BAM_ALL
Scalar Potency, Py [m’] 880 2748 3438 4770 11836
Time Span, Ty [days/years] 1461/4.0 1096/3.0 1095/3.0 943/2.6 4595/12.6
Volume Extracted, Vipp [m’] 41103 89167 76321 46312 252903
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Figure 6—Comparison of the exceedance rates for the normalised time span (left) and normalised volume extracted (right). The blue, green, yellow, and red lines
correspond to the mining periods at Bambanani mine. The likelihood of a seismic event that has scalar potency logP > logQ is indicated by labelled grey regions
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Shear-Type X

1 Shear-Type ¥

Hormal-Type I

Figure 7—Schematic diagram of a DD element. The DD vector & = (ux,u),u; ) represents shear- and normal-type deformation in the XY plane (left and middle) and
along the Z axis (right). The planar deformation on the DD surface is indicated by black arrows, and the positive and negative subsurfaces are shown as yellow and

green regions

In the DD-BEM model for Bambanani mine, the DD vectors
are evaluated by solving the elasticity equations that correspond to
a collection of DD elements and satisfy the virgin stress boundary
conditions, and the combined stress field is constructed by
calculating the induced stress kernels for a collection of points in
the rockmass (hereinafter referred to as field points) and combining
the induced stress field from the DD elements that represent the
mining excavations and the virgin stress field:

See Swy Sery wppes
Sh=15m Sy S| = g EIS}-’};" Upz + Py + S,-';-;_ku,,‘zl + pivf
Sax Szy  Sa Lo
Vey  Vey  Vyp
P i 8
Vax Vay Vg
0.013494 MPa/m 0.0 0.0
= 0.0 0.013494 MPa /m 0.0
0.0 0.0 0.026988 MPa /m

where Npg is the number of DD elements, Nrp is the number of field
points, ¥ is the combined stress tensor for the field point with index
k < Npp in the global co-ordinate system, S7;2*, S/ and S/j;* are
the induced stress kernels for the DD element with index h < Npg,
i = (Unx Uy tin) is the corresponding DD vector that satisfies the
virgin stress boundary condition by, = —p}v;;my, pl and my, are the
depth and unit normal vector of the DD element, respectively, v;;

is the virgin stress tensor per unit depth and p¥is the depth of the
field point. For Bambanani mine, the average depth is p, = 2050m
and the virgin stress tensor is v, = pg = 0.026988 MPa/m and vy, =
Vyy = v/ 2=0.013494 MPa/m, where p = 2750k g/m* is the density
of the rockmass and g = 9.81 m/&” is gravitational acceleration. The
normal- and shear-type stress for a field point that is associated
with a planar surface in the DD-BEM model is calculated by
transforming the combined stress tensor to a traction vector:

Spp = S& - mSE = Skmy

9]

k-
Ssc_

E—(Ta-m)nq

where 5% and S% is the normal- and shear-type stress, respectively,
sk = Skm, is the combined traction vector for the field point with
index k < Npp, and . is the unit normal vector for the planar
surface.

Modelled crush- and shear-type failures
Modelled crush-type failures

To accommodate crush seismic events at Bambanani mine, the
DD-BEM model is populated with field points and additional
DD elements that are constructed from the tabular orebody that
surrounds the mining excavations and represent modelled crush-
type failures in the rockmass. In this paper, the tabular orebody
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is approximated using planar surfaces (similar to tabular mining
excavations) and the corresponding crush-type field points are
evaluated using an excess normal stress (ENS) threshold, which is
calculated by applying the limit equilibrium method (LEM) and a
peak Hoek-Brown strength criterion (Hoek, Brown, 1980; Barron,
1984; Barron, Pen, 1992; Hoek, Marinos, 2007; Napier, Malan, 2007,
2011, 2012; Ilchev, 2013a, 2013b; Napier, Malan, 2014, 2018, 2021):
ENS = S, — 1y ,
Tno = Sle + Teo [:_:u Sl'e + QO]Z [10]
where 7 is the peak normal-type strength, sk is the normal-type
stress for the crush-type field point and additional DD element with
index k < Nrp, 7o is the peak uniaxial compressive strength of the
rockmass, ro and qo are the peak Hoek-Brown strength parameters,
and S is the transverse-type stress from the LEM. For a crush-type
field point that exceeds the ENS threshold and therefore has ENS >
0, the boundary condition of the additional DD element is modified
to accommodate the residual strength of the modelled crush-type
failure and the corresponding crush-type deformation in the DD-
BEM model for Bambanani mine (similar to convergence of mining
excavations):
by = _Pf”ijnk + Tpa My
N : [11]
Tn1 = Sle + 7 [é Sfe + ql]
where 7,1 is the residual normal-type strength, 71 is the residual
uniaxial compressive strength, and r1 and q; are the residual Hoek-
Brown strength parameters. The DD vectors of the additional DD
elements are iteratively evaluated by solving the elasticity equations
that satisfy the residual strength boundary conditions until all
crush-type field points have ENS < 0. For the crush-type field points
in the paper, the peak and residual uniaxial compressive strength
of the rockmass is 7,0 = 200MPa and 7.; = 20MPa, respectively, the
peak Hoek-Brown strength parameters are ro= 4.0 and go= 0.02,
and the residual Hoek-Brown strength parameters r; = 1.5 and g1 =
0.02 (Ryder, Jager, 2002).

Modelled shear-type failures

To accommodate shear and fault slip seismic events, the DD-BEM
model for Bambanani mine is similarly populated with field points
and additional DD elements that represent modelled shear-type
failures in the rockmass and are evaluated using excess shear
stress (ESS) thresholds, which are calculated by applying a simple
Coulomb-friction strength criteria (Ryder, 1987; Napier, 1987;
Spottiswoode, 1988; Ryder, 1988; Jager, Ryder, 1999a; Ryder et al.,
2002):

ESS =Sk — 1y OF S — 1,
7o = SKtang, + €, [12]

T = Shtangy +
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where 7 is the peak shear-type strength for the peak ESS threshold,
7y1 is the residual shear-type strength for the residual ESS threshold,
Sk is the shear-type stress for the shear-type field point and
additional DD element with index k <Npp, S¥, is the corresponding
normal-type stress, ¢ and Cy are the peak friction angle and peak
cohesion, respectively, and ¢; and C; are the residual friction angle
and residual cohesion, respectively. In this paper, the shear-type
field points are constructed from the planar surfaces of Ortlepp-
shear features that surround the mining excavations and correspond
to the orientation of maximum ESS (Gay, Ortlepp, 1979; Ortlepp
etal,, 1997; Ortlepp, 2000; Ortlepp et al,, 2005; Van Aswegen,
Stander, 2012; Van Aswegen, 2013) and geological features that are
approximated using additional planar surfaces that correspond to
the digitised faults supplied by Harmony Gold Mining Company.
For Ortlepp-shear features in this paper, the peak and residual
friction angle is ¢o = ¢1 = 30° and the peak and residual cohesion
is Coc= 20MPa and C; = OMPa, respectively, and for geological
features in the rockmass, the peak friction angle is ¢o = 25°, the
residual friction angle is ¢1 = 20°, and the peak and residual
cohesion is Cy= 10MPa and C; = 0MPa, respectively (Bieniawski,
1967; Byerlee, 1978; Jager, Ryder, 1999b; Ryder, 2002 James et
al., 2007; Hofmann, Scheepers, 2011; Hofmann et al., 2013; Van
Aswegen, 2020; Hofmann, 2024).

For a shear-type field point or modelled shear-type failure
that exceeds the ESS thresholds in the DD-BEM model and
therefore has peak ESS > 0 or residual ESS > 0, the DD vector of

Somar Trpe Tarertice. i

Shaan-Fype Datormation e

the additional DD element is iteratively modified to accommodate
the corresponding shear-type deformation (similar to ride of
mining excavations) until all shear-type field points have peak

ESS < 0 and all shear-type failures have residual ESS < 0. Figure

8 shows the modelled shear-type failures that are associated

with the different mining periods of the shaft pillar extraction at
Bambanani mine, i.e,, BAM_10-13, BAM_14-16, BAM_17-19, and
BAM_20-22 (from top left to bottom right). The black-to-white
contours indicate the cumulative shear-type deformation on the DD
surfaces of the additional DD elements that represent the Ortlepp-
shear and geological features in the DD-BEM model. The initial
mining excavations are shown as grey regions and the final mining
excavations are shown as blue, green, yellow, and red regions

that correspond to BAM_10-13, BAM_14-16, BAM_17-19, and
BAM_20-22, respectively.

Modelled potency and hazard

In the DD-BEM model for Bambanani mine, the planar size of a
modelled crush- or shear-type failure is expressed using modelled
potency, which is calculated by integrating the planar deformation
over the DD surface of the additional DD element (similar to scalar
potency of a fault slip seismic event):

P = IIAk[|u_k(x' V) |+ (X Y) —
[T (% ¥) - M ||| 6x8Y = [|Tx - 7| + 03]

|t — [ - ][] A

[} s to-13 [ e 5a-16
Frsar-Type Defsrmatiim jm]

= ]
O w1 [ mmw_nd-16 [0 masav-1y [ me_20-22

Figure 8—Modelled shear-type failures for the different mining periods of the shaft pillar extraction at Bambanani mine (from top left to bottom right). The
cumulative shear-type deformation on the DD surfaces that represent shear-type failures is indicated by black-to-white contours. The initial mining excavations are
shown as grey regions, and the final mining excavations are shown as blue, green, yellow, and red regions
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where Py, is the modelled potency of the additional DD element
with index k < Npp that represents a modelled crush- or shear-type
failure in the DD-BEM model, w, (x,y) =, = (ko Unyr e z) 18 the
corresponding DD vector, n, is the unit normal vector, and Ay is the
planar area of the DD surface.

In this paper, the modelled hazard is expressed as an exceedance
rate (Er'), which is calculated by scaling the expected number of
seismic events using the modelled potency of the crush- and shear-
type failures that exceed the ENS and ESS thresholds in the DD-
BEM model for Bambanani mine and normalising the time span
and volume extracted for the different mining periods of the shaft
pillar extraction to some reference period (similar to the seismic
hazard using scalar potency):

Vl’ﬂ

Vin

LNy logQ)
P

[1[]_1:“0.9”1 - 10‘3‘09"":\“,\']

T,
Err(= logQ) = Tr—e‘rN,;(Z logQy Eryy(= logQy =
mp

NeizlogQ) _ pr«

Prot TP Peot

Np(= logQy = P, (14]

Npp-1

Prp = :Eo [max (P, — P, 0y)
where Er' (> logQ) is the exceedance rate of a seismic event
that has scalar potency logP > logQ, Ty is the time span for
the mining period, Tref = 60 days is the time span for the
reference period, Vi and Vier= 3300m® are the corresponding
volume extracted for the mining period and reference period,
respectively, Np (= logQ) is the scaled number of seismic events
using the modelled potency of the crush- and shear-type failures,
N, (= logQ) = a[w‘f”"ﬂﬂ — 10-PlogPmax] is the expected number of
seismic events using the upper-truncated power law, Py, = 11836 m®
is the total scalar potency, Pax = 2.5 is the maximum scalar potency
of the next RB seismic event, loga = 3.15 and f = 0.765 are the
power-law parameters, Py, is the modelled potency for the mining
period, Nrp is the number of field points, A, is the final modelled
potency of a crush- or shear-type failure that corresponds to the
additional DD element with index k < Npp, and P;_is the initial
modelled potency.

Modelling results

In the DD-BEM model for Bambanani mine, the tabular mining
excavations are subdivided according to a collection of digitised
mining steps supplied by Harmony Gold Mining Company (Van
Der Wath, 2023); the modelled potency of the crush- and shear-
type failures is calculated for the corresponding mining steps; and

e
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the modelled hazard is calculated for the different mining periods
that are associated with the shaft pillar extraction, i.e., BAM_10-
13, BAM_14-16, BAM_17-19, BAM_20-22, and BAM_ALL. The
DD-BEM model has 150 subdivided mining steps that correspond
to the calendar months from 1 January 2010 to 30 June 2022,

i.e., BAM_10-13 contains 48 mining steps that correspond to

the calendar months from 1 January 2010 to 31 December 2013;
BAM_14-16 and BAM_16-19 contain 36 mining steps from 1
January 2014 to 31 December 2016 and from 1 January 2017 to

31 December 2019, respectively; and BAM_19-22 contains 30
mining steps from 1 January 2020 to 30 June 2022. The tabular
mining excavations at Bambanani mine typically strike northwards,
dip eastwards at approximately 20° and are represented by 250
thousand DD elements that have 1 x 1 m,2x 2 m, 4 x 4 m, and

8 m x 8 m dimensions. To accommodate modelled crush-type
failures, the tabular orebody that surrounds the mining excavations
is represented by an additional 150 thousand DD elements that
have 2 m x 2 m dimensions, and to accommodate modelled
shear-type failures, the Ortlepp-shear and geological features are
represented by an additional 400,000 DD elements that have 4 m

x 4 m dimensions. The faults at Bambanani mine typically strike
southwards and dip westwards at approximately 70°.

Figure 9 shows a comparison of the cumulative modelled
potency and cumulative scalar potency with respect to calendar
time (left) and volume extracted (right) such that the blue, green,
yellow, and red lines correspond to BAM_10-13, BAM_14-16,
BAM_17-19, and BAM_20-22, respectively. The solid lines indicate
the cumulative modelled potency of the additional DD elements
that represent modelled crush- and shear-type failures in the DD-
BEM model, and the dashed lines indicate the cumulative scalar
potency of seismic events recorded by the IMS seismic system
at Bambanani mine. Table 3 summarises the modelled potency,
scalar potency, time span, and volume extracted for the mining
periods that are associated with the shaft pillar extraction. Figure
10 shows a comparison of the modelled potency and scalar potency
exceedance rates for the normalised time span (left) and normalised
volume extracted (right) such that the blue, green, yellow, red, and
black lines correspond to BAM_10-13, BAM_14-16, BAM_17-19,
BAM_20-22, and BAM_ALL, respectively. The solid lines indicate
the exceedance rates using the modelled potency of the crush- and
shear-type failures that exceed the ENS and ESS thresholds in the
DD-BEM model for Bambanani mine, and the dashed lines indicate

— 1R
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w BAM 1LY, P =380m!
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Figure 9—Comparison of cumulative modelled and scalar potency with respect to calendar months (left) and volume extracted (right). The solid lines indicate
cumulative modelled potency, the dashed lines indicate cumulative scalar potency, and the lines are coloured according to the different mining periods at Bambanani

mine

» 668 NOVEMBER 2025 VOLUME 125

The Journal of the Southern African Institute of Mining and Metallurgy



Numerical modelling of the seismic hazard at Bambanani gold mine in South Africa

Table 3

Modelled potency, scalar potency, time span and volume extracted for the different mining
periods associated with the shaft pillar extraction at Bambanani mine from 1 January 2010 to 30

June 2022
BAM_10-13 | BAM_14-16 | BAM_17-19 | BAM_20-22 | BAM_ALL
Modelled Potency, Pp [m?] 1008 3209 3265 5088 12570
Scalar Potency, Py [m®] 880 2748 3438 4770 11836
Time Span, T, [days/years] 1461/4.0 1096/3.0 1095/3.0 943/2.6 4595/12.6
Volume Extracted, Vi [m’] 41103 89167 76321 46312 252903
Local Magnitude, m Lol Magnibude, my
.44 03 41 03 07 12 16 U 23 29 11 _ 10 45 41 O3 07 11 16 20 35 219 13
5 | ke SN S SARChA 14 G+ 71093
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Figure 10—Comparison of the exceedance rates for the normalised time span (left) and normalised volume extracted (right). The solid and dashed lines indicate the
exceedance rates using modelled potency and scalar potency, respectively. The lines are coloured according to the mining periods at Bambanani mine

the corresponding exceedance rates using the scalar potency of
seismic events. The likelihood of a seismic event that has scalar
potency logP > logQ, is indicated by labelled grey regions and
described as “unlikely”, “possible”, “likely” or “probable’, e.g., 0.2
< Ery rEn (2 ogQ) < 2.0 is described as “possible’, and Ery sEry
(2 logQ) 2 10.0 is described as “probable”

The modelled hazard is a reasonably accurate estimation of
the seismic hazard for the different mining periods of the shaft
pillar extraction at Bamabanani mine. The modelled potency of
the crush- and shear-type failures overestimates the scalar potency
of seismic events for BAM-10-13, BAM_14-16, and BAM_20-22,
i.e., the modelled potency is Py, = 1008m?, 3209m?, and 5088m°,
respectively; the scalar potency is Py, = 880m®, 2748m’, and
4770m’, respectively; and the relative error is [ Py, Pupl/ Pap= 0.12,
0.14, and 0.06, respectively. The modelled potency underestimates
the scalar potency for BAM_17-19, i.e., the modelled potency is
Fnp = 3265m’, the scalar potency is Py = 3438m’, and the relative
errot [ Pnp =Pmp 1/ Py = —0.05. The modelled potency exceedance
rates similarly overestimate and underestimate the scalar potency
exceedance rates. The modelled potency exceedance rates of PD
and SL seismic events are lowest for BAM_10-13, i.e., Ery, (20.0)
=9.5and Ery (21.0) = 1.5, respectively; the exceedance rates are
highest for BAM_20-22, i.e., Ery; (20.0) = 42.8 and Erv (21.0) =
6.9, respectively; and the exceedance rates for BAM_14-16 and
BAM_17-19 are higher than those for BAM_10-13 and lower than
those for BAM_20-22, i.e., 14.0 < Ery (20.0) <16.6 and 2.3 < Ery
(21.0)<2.7, respectively.

In the DD-BEM model for Bambanani mine, the spatial
intensity of the modelled potency is expressed as a planar density,
which is calculated by radially filtering the modelled crush- and
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shear-type failures that exceed the ENS and ESS thresholds
according to a collection of grid points:

Npp-1

Pga= X x(Wi)[max(Pe — P, 0)]
_ 0D(w) > R [13]
X(We) = {L.D(W) - R}R =100m
nR* -

where Ngp is the number of grid points, p is the planar density

of the modelled potency for the grid point with index / < Ngp, Nrp

is the number of field points, p;, is the final modelled potency

of the additional DD element with index k < Np that represents

a modelled crush- or shear-type failure in the DD-BEM model,

Py. is the initial modelled potency, wi = (Wit Whys Wi ) I8 the

corresponding DD location vector, y(wy) is the gridding factor,

D(wy) is the distance from the additional DD element to the grid

point, and R = 100 m is the gridding radius. The spatial intensity of

the scalar potency is similarly calculated by radially filtering seismic

events recorded by the IMS seismic system at Bambanani Mine:
Ngg=1

L X(n)Pn (16]

P =
where PJ,is the planar density of the scalar potency, N is
the number of seismic events, P, is the scalar potency of the
seismic event with index n < Nsg and Wy, = (Wp,x, Wn s Wn,2) is the
corresponding source location vector. Figure 11 shows the planar
density of the modelled potency (left) and scalar potency (right) at
Bambanani mine. The black-to-white contours indicate the planar
density, and the “hotspots” in the spatial intensity that have planar
density (B}, /P}, = 0.3) are shown as cyan and magenta regions.
Some geological features are indicated by black dashed lines.
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Figure 11—Planar density of the modelled potency (left) and scalar potency (right) at Bambanani mine. The planar density is indicated by black-to-white contours
and the “hotspots” in the spatial intensity (P}, /Pj, = 0.3) are shown as cyan and magenta regions. Some geological features are indicated by black dashed lines

Comments

In this paper, the modelled potency and modelled hazard are
presented for medium- and longer-term mining periods that are
associated with the shaft pillar extraction at Bambanani mine,

i.e., BAM_10-13, BAM_14-16, BAM_17-19, BAM_20-22, and
BAM_ALL, and the modelling results suggest an increasing trend
in the modelled hazard that is a reasonably accurate estimation

of the seismic hazard. The modelled potency exceedance rates of
RB seismic events for BAM_10-13, BAM_14-16, BAM_17-19,
BAM_20-22, and BAM_ALL are Ery (2.3) = 0.050, 0.073, 0.087,
0.224, and 0.101, respectively, and the scalar potency exceedance
rates are Ery, (22.3) = 0.044, 0.063, 0.092, 0.210, and 0.095,
respectively. The relative error is typically lower than 10% or 15%,
e.g., [Em — Ery]sEn; = 0.12, 0.14, -0.05, 0.06 and 0.06, respectively.
The relative errors for shorter term mining periods are probably
higher and not considered in this paper. The “hotspots” in the
spatial intensity of the modelled potency are similar to those of the
scalar potency. Generally, the modelling results suggest that the
modelling methodology is appropriate for medium- and longer
term forecasting of seismic activity and hazard, particularly for the
comparison of different mining periods as presented in this paper.
The modelling methodology is probably not appropriate for shorter
term forecasting or prediction of seismic events.
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discipline. Increasingly, qualified mining engineers are

becoming the consulting engineers of the future. These T H Ro U G H E N T E RP RI S ES
are professionals who can design, plan and manage

the entire lifespan of a mine or mining project, from TRAI N I N G SO L UTI 0 N s
exploration to rehabilitation, and everything in between.

The new generation of mining engineers are architects of
total mine solutions.

In collaboration with the
University of Pretoria’s

Enterprises Training Solutions,
Mining engineers understand the complete mining life cycle.

They can move effortlessly between technical details and a branch of Enterprlses
big-picture strategy. From assessing mineral deposits and University of Pretoria, the
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potential, they see and influence the entire process. This of the Department of Mining
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NATIONAL & INTERNATIONAL ACTIVITIES

2026

3-4 March 2026 — Tailings 2026—Where to Now?
Indaba Hotel, Spa and Conference Centre, Fourways
Contact: Gugu Charlie

Tel: 011 538-0238

E-mail: gugu@saimm.co.za

Website: http://www.saimm.co.za

13-14 April 2026 — SANCOT Symposium 2026
Unlocking Africa’s Potential: Advances in Tunnelling in Civil
Engineering and Mining

Southern Sun Rosebank

Contact: Gugu Charlie

Tel: 011 538-0238

E-mail: gugu@saimm.co.za

Website: http://www.saimm.co.za

12 May 2026 — Re-Imagining Diversity and Inclusion
Showcase 2026

Southern Sun Rosebank

Contact: Gugu Charlie

Tel: 011 538-0238

E-mail: gugu@saimm.co.za

Website: http://www.saimm.co.za

26-28 May 2026 — SAIMM Pyrometallurgy International
Conference 2026

Foundation of Competitiveness and Sustainability

CSIR International Convention Centre, South Africa
Contact: Gugu Charlie

Tel: 011 538-0238

E-mail: gugu@saimm.co.za

Website: http://www.saimm.co.za

24-25 June 2026 — Global Best Practices in Thickener
and Dewatering Operations for Low-Grade and Complex
Deposits Conference 2026

Mintek, Randburg, Johannesburg

Contact: Gugu Charlie

Tel: 011 538-0238

E-mail: gugu@saimm.co.za

Website: http://www.saimm.co.za

The Journal of the Southern African Institute of Mining and Metallurgy

18-20 August 2026 — CAVING 2026
Ulaanbaatar, Mongolia
Website: https://www.acgcaving.com/

18-21 August 2026 — SAIMM Uranium Conference 2026
Swakopmund Hotel and Entertainment Centre,
Swakopmund, Namibia

Contact: Gugu Charlie

Tel: 011 538-0238

E-mail: gugu@saimm.co.za

Website: http://www.saimm.co.za

22-25 September 2026 — XIX International Society for
Mine Surveying Congress 2026

Century City, Cape Town

Contact: Gugu Charlie

Tel: 011 538-0238

E-mail: gugu@saimm.co.za

Website: http://www.saimm.co.za

29-30 September 2026 — 7™ Young Professionals
Conference 2026

Mintek, Randburg, Johannesburg

Contact: Gugu Charlie

Tel: 011 538-0238

E-mail: gugu@saimm.co.za

Website: http://www.saimm.co.za

18-22 October 2026 — XXXII International Mineral
Processing Congress 2026

Cape Town, South Africa

Contact: Camielah Jardine

Tel: 011 538-0237

E-mail: camielah@saimm.co.za

Website: http://www.saimm.co.za

4-6 November 2026 — Southern African Mine Water
Conference 2026

Let’s Connect

Mintek, Randburg, Johannesburg

Contact: Gugu Charlie

Tel: 011 538-0238

E-mail: gugu@saimm.co.za

Website: http://www.saimm.co.za
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Company affiliates

The following organizations have been admitted to the Institute as Company Affiliates

acQuire Technology Solutions

AECI Mining Chemicals, a division of AECI Mining Ltd
African Pegmatite

Allied Furnace Consultants

AMIRA International Africa (Pty) Ltd
Anglo American Platinum Corporation
Anglogold Ashanti Ltd

Anton Paar Southern Africa

Arcus Gibb (Pty) Ltd

Becker Mining (Pty) Ltd

Bluhm Burton Engineering Pty Ltd
BSI Group South Africa

Buraaq mining Services (Pty) Ltd
Caledonia Mining South Africa
Carbocraft (Pty) Ltd

Castle Lead Works

CIGroup ACE Pty Ltd

DDP Specialty Products South Africa (Pty) Ltd
Digby Wells and Associates

E2 Test

EHL Consulting Engineers (Pty) Ltd
EKATO South Africa

Elbroc Mining Products (Pty) Ltd
Elderberry Trading

Epiroc South Africa (Pty) Ltd

Ex Mente Technologies (Pty) Ltd
Exxaro Resources Limited

FLSmidth Minerals (Pty) Ltd

GHH Mining Machines (Pty) Ltd
Geobrugg Southern Africa (Pty) Ltd
Glencore

Gravitas Minerals (Pty) Ltd

Hatch (Pty) Ltd

Herrenknecht AG

Impala Platinum Holdings Limited
IMS Engineering (Pty) Ltd

Ingwenya Mineral Processing
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Ivanhoe Mines SA

M84 Geotech Pty Ltd

Malvern Panalytical (Pty) Ltd

Maptek (Pty) Ltd

Mech-Industries (Pty) Ltd

Micromine Africa (Pty) Ltd

Minearc South Africa (Pty) Ltd

Minerals Council of South Africa
MineRP Holding (Pty) Ltd

Mining Projection Concepts (Pty) Ltd
Mintek

MLB Investments CC

Modular Mining Systems Africa (Pty) Ltd
Murray & Roberts Cementation (Pty) Ltd
Optron (Pty) Ltd

Paterson & Cooke Consulting Engineers (Pty) Ltd
Pump and Abrasion Technologies (Pty) Ltd
Redpath Mining (South Africa) (Pty) Ltd
Rosond (Pty) Ltd

Roytec Global (Pty) Ltd

Rustenburg Platinum Mines Limited - Union
Salene Mining (Pty) Ltd

Schauenburg (Pty) Ltd

Sebotka (Pty) Ltd

SENET (Pty) Ltd

Sibanye Gold Limited

Solenis

Sound Mining Solution (Pty) Ltd

SRK Consulting SA (Pty) Ltd

Sulzer Pumps (South Africa) (Pty) Ltd
Tomra (Pty) Ltd

Trans-Caledon Tunnel Authority

Ukwazi Mining Solutions (Pty) Ltd
VBKOM Consulting Engineers

Weir Minerals Africa

Zutari (Pty) Ltd
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Our Services

Technical Consulting

& Open Pit Slope Design

Open Pit to Underground transition
Underground Mine Design
Excavation Support Design Analysis
Pillar Optimisation
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Site Ivestigation
¢ Forensic FOG Investigation

¢ Raisebore Shaft Stability Analysis
¢ Sinkhole/Subsidence Investigation

Professional Consulting

& Advanced Inelastic Numerical Modelling

¢ Governance Auditing

¢ Rock Engineering Studies (BFS / FS / PFS)
¢ System Implementation (TARP, etc.)

L. FOOTPRINT

www.mlbconsulting.co.za | +27 84 826 1528
admin@mlbconsulting.co.za
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South African Mational
Cammittee on Tunnelling

BACKGROUND

With the continued pace of urbanisation, economic and population growth, the availability of
space for necessary infrastructure in the urban environment is a major challenge.

This, in conjunction with climate change and a focus on reducing impact on the environment,
are the key factors driving the necessity and relevance of tunnelling.

Tunnels are increasingly seen as a means to providing sustainable, safe and reliable
transport, electricity, gas, water, sewage facilities and extraction of raw materials.

Whilst the public and private sectors come to terms with the high capital expenditure
required for tunnel construction, we live in an age of continued technological development
and the application of these technologies presents an opportunity to better and more
cost-effectively design, construct, and monitor tunnels. Furthermore, it is imperative that
tunnelling consultants and contractors keep up to date with rapidly changing tunnelling
technologies in order to remain viable in a competitive industry.

THEME

This conference concentrates on advances in the tunnelling industry, current best practice
and how technology has improved tunnelling design, construction, supervision and

monitoring.

FOR FURTHER INFORMATION CONTACT:

0.1per hour attended
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ECSA and SACNASP Validated CPD Activity Credits =
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13-14 APRIL 2026
SOUTHERN SUN ROSEBANK,
JOHANNESBURG

Unlocking Africa's Potential:
Advances in Tunnelling in Civil
Engineering and Mining

Gugu Charlie Tel: +27 11538-0238
Conferences and Events Coordinator Web: www.saimm.co.za

E-mail: gugu@saimm.co.za
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