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Tunnel boring machines (TBMs) have gained considerable attention in recent years due to
an increased demand from investors and mine owners to deliver mining operations at the
earliest possible timeline, along with increasingly demanding environmental restrictions
and global health and safety trends. The TBM has been used to address different objectives
in mining projects such as access to ore body or mining areas, water supply and
exploration. Several technical and financial parameters should be considered in the
selection of the right TBM type and method statement. One of the most important design
parameters is the gradient of the tunnel especially in access tunnel planning and
development. In circumstances where ore bodies occupy either a high depth from surface
or in mountainous areas, the vertical alignment of planned mine access tunnels may have
a relatively high gradient, which may excess the standard maximum applicable gradient
of 3% recommended for mechanised tunnelling by TBMs. Addressing the issues around
these high gradient requirements creates unique TBM design and planning challenges.

This paper briefly reviews several recently executed and studied tunnelling projects using
current TBM technology. The findings will assist mining industry clients, consultants and
contractors when evaluating TBM applications in future projects.

INTRODUCTION

There is currently an increasing focus amongst investors and mine owners to consider the utilisation of
tunnel boring machines (TBMs) in mining projects. This can be explained by the capacity of this
tunnelling system to deliver rapid and safe ore body access, which in turn can secure early project
revenue generation. Table I presents a list of projects where TBMs have been used to construct tunnels
for access, conveyance, drainage, exploration and water diversion purposes for new and existing mines

[1].
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Table 1. TBM use in mining projects [1]

The application of TBM tunnelling systems requires that the follow technical areas should be

Project Location Y.ear of Length Diameter

Project Start (km) (m)
Step Rock Iron Canada 1957 0.3 2.74
Nchanga Zambia 1970 3.2 3.65
Oak Grove USA 1977 0.2 7.40
Blyvoor South Africa 1977 0.3 1.84
Fosdalen Norway 1977 0.67 3.15
Blumenthal Germany 1979 10.6 6.50
Weatfalen Germany 1979 12.7 6.10
Donkin Morien Canada 1984 3.6 7.60
Autlan Mexico 1985 1.8 3.60
Kiena Canada 1986 1.4 2.30
Stillwater EB USA 1988-1991 6.4 4.00
Fraser (CUB) Canada 1989 1.5 2.10
Rio Blanco Chile 1992 11 5.70
San Manuel USA 1993 10.5 4.60
Cigar Lake Canada 1997 >20 4.50
Port Hedland Australia 1998 1.2 5.00
Stillwater EB USA 1998-2001 11.2 4.60
Mineral Creek USA 2001 4.0 6.00
Amplats South Africa 2001 0.35 2.40
Monte Giglio Italy 2003 8.5 4.90
Tashan Coal China 2007 4.90
Ok Tedi PNG 2008 4.8 5.60
Los Bronces Chile 2009 8.0 4.20
Stillwater Blitz USA 2012-2013 6.8* 5.50
Grosvenor Coal Australia 2013 1.0 8.00
Oz Minerals Australia 2013 11* 5.80
Norhparkes Australia 2013 2.0% 5.00
EI Teniente Chile 2014 6.0* 10.00

*Planned TBM excavation.

investigated in order to achieve the benefits of rapid TBM excavation. These areas include:
Geological and hydrogeological conditions
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Site access roads

TBM assembly and disassembly
Tunnel alignment and gradient

Contractor experience
Project schedule and procurement

TBM size

Tunnel support and lining

Muck disposal and transport system




e Logistics

Tunnel alignment and gradient remain one of the most important technical areas in mining project
evaluation. In circumstances where ore bodies occupy either a high depth from surface or in
mountainous areas, the vertical alignment of planned mine access tunnels may have a relatively high
gradient, which may exceed the standard maximum applicable gradient of 3% recommended for
conventional mechanised tunnelling by TBMs. This paper briefly reviews several executed and recently
studied tunnelling projects using current TBM technology. The findings may assist mining industry
clients, consultants and contractors when evaluating TBM applications in future projects.

Some examples of executed projects

The history of TBM tunnelling for mine exploration and access tunnels started more than fifty years ago
with the Step Rock Iron Mine in north-western Ontario, Canada. After the earliest applications and
attempts of TBMs in mining operations (often using machines not originally or specifically designed for
mining projects), the mining industry has witnessed more successful TBM applications. A significant
amount of experience has been gained over the last three decades, with an increasing willingness of the
manufacturers to design TBM machines specifically suited for mining operations. Some more recent
TBM applications are considered below:

The Grosvenor Decline Tunnel, Australia, 2013-2014 [2]

The Grosvenor decline tunnel is a metallurgical coal project owned by Anglo American in Moranbah,
Central Queensland, approximately 180 km southwest of the coastal port city of Mackay and about 1000
km north of Brisbane.

The Grosvenor coal mine considered two decline tunnels which created mine access to the shallowest
depth of the coal seam at 130 m. Longwall panels are 300 m in width with lengths up to 6200 m. The
first decline tunnel is used for the transportation of coal from the longwall to the deposit area on the
surface, while the second decline tunnel is designed to transport staff and machinery (Figure 1).
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Fiqure 1. Plan view of conveyor and transport drifts [2].
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Both decline tunnels are approximately 1000 m in length with a gradient of 1:6 or 16.7%, see Figure 2
[3], (approximately 9.5°) for the conveyor drift and 1:8 or 12.8% (approximately 7° for the transport drift).
Except for the vertical curve (400 m radius) between the assembly area on surface and the launch tunnel,
there are no curves along both drifts” alignments. Each drift has an internal diameter of 7.0 m and
consists of a steel-fibre-reinforced concrete segmental lining (universal ring in 5+1 segments).

Figure 2. Long access tunnel is at 16.7% incline [3]

The TBM decline tunnels at the Grosvenor coal mine are both designed to be ‘blind headings’, i.e.,
excavation ceases when the TBM reaches the coal seam. The TBM developed one tunnel at a time, and
must be retracted back up the slope through the pre-cast concrete lined tunnel it has just completed.
The TBM must be retracted quickly so that continuous mining machines can access the coal seam to
begin the follow-on mine development work. The TBM is also needed to begin excavation of the second
drift as soon as possible. Both drifts need to be completed and cleared to allow effective mine
development work to proceed. The Grosvenor earth pressure balance (EPB) TBM design incorporated
special features to allow quick demobilisation in a ‘blind heading’, without the need for a large
disassembly chamber. Underground disassembly on the steep gradient would have been difficult,
costly and time consuming due to the mine’s strict roof support requirements for such a large chamber.
The Grosvenor project was successfully completed and proved that TBMs are well-suited to mining
operations for main access and conveyor haulage tunnels as well as ventilation tunnels, offering
numerous advantages compared to drill and blast or road header excavation tunnelling methods, such
as:

e improved personnel safety

e higher advance rates

e better precision and control

e improved ventilation

e smoother tunnel profile; and

e reduced ground disturbance and ground support.
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The Monte Giglio Incline Tunnel in Italy, 2003-2005 [4]

This tunnelling project involved the construction of a 9500 m tunnel, for the installation of a conveyor
belt linking the Colle Pedrino quarry to the new cement production factory of Calusco D’Adda
(Bergamo). The tunnel portal was located in the area of the Monte Giglio quarry near the cement factory.
The tunnel route has a gradient of 6.2° for approximately 850 m, a shallow rise of 0.5° to 1.25° for
approximately 5800 m and a final sharp rise with an ascending slope of up to 11.86° for approximately
2900 m. The tunnel was bored using a double shielded Robbins TBM with a diameter of 4.88 m and was
lined with 200 mm hexagonal type pre-cast reinforced concrete segments.

Parbati H.E. Incline Tunnel in India, 2005-2006 [5]

The project consisted of the boring of two inclined pressure tunnels of Parbati-II Hydroelectric project
by one double shield TBM. The project consists of 1546 m twin tunnels with a finished diameter of 3.5
m each with an incline of 30°. The TBM was able to excavate through rock at steep inclinations but was
also able to mechanically install the tunnel lining with hexagonal shaped pre-cast concrete segments

(Figure 3).

Fiqure 3. Breakthrough in inclined pressure shaft with TBM [6]

The AXPO Power Station Linth-Limmern (KLL) in Switzerland, Year 2011-2012 [7]

The AXPO power station Linth-Limmern built between 1957 and 1968 is located in the Swiss Alps, at
Glarus, south of Ziirich. The existing plant, approximately 300 MW, was modified and extended to a
pump storage plant with an additional capacity of approximately 1000 MW at peak power. The new
underground powerhouse was positioned close to the existing dam reservoir at 1850 m above sea level
and connected to the natural, but now extended lake Muttsee, at approximately 2450 m above sea level.
Part of the connection were the two new, 1 km long inclined pressure shafts of 5.2 m excavated diameter,
at a gradient of 40°. The Gripper TBM was assembled in the horizontal position and moved to the launch
position onto a ramp of with a 14° incline. The final shaft inclination, 40° was then achieved by a TBM-
bored vertical curve with a radius of 150 m (Figure 4).
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Fiqure 4. A view of Gripper TBM with additional gripping system behind the TBM [7]

Snowy 2.0 Project in Australia, 2020-on going [8]

Construction of Snowy 2.0, a major pump-hydro expansion of Australia’s renowned Snowy Mountains
scheme, is under way, with tunnelling to commence. The majority of the tunnels on Snowy 2.0 will be
constructed by TBMs, including a pre-cast segmental lining support system (Figure 5). The remainder
of the underground works, including the access tunnels, shafts, and power station complex, will be
constructed by a drill and blast method. Future Generation, the client, has procured three single
shielded TBMs for the construction of the Snowy 2.0 underground works, including two open mode
and one dual mode machine. The TBMs will each have a nominal excavation diameter of 11 m and will
be compatible with a common concrete segment geometry. While relatively similar in this regard, the
challenges faced by each TBM differs substantially due to the respective tunnel arrangements,
construction strategies and anticipated ground conditions. The second TBM to commence excavation is
supplied by Herrenknecht and will excavate a 2.7 km long emergency cable and ventilation tunnel,
which will access the power station complex, parallel to the main access tunnel. Beyond this point, the
TBM will continue its drive up a 25° inclined pressure shaft to the upstream surge shaft, before further
continuing into the western portion of the headrace tunnel.

Headrace Tunnel
Emergency Cable Ventilation Tunnel Portal Tantangara
Reservoir

Main Access Tunnel Portal Surge Shaft 1

Inclined Pressure Shaft

Talbingo
Reservoir

'Jm‘;j —

Tailrace Tunnel | | L] | n
TBM1 TBM2 TBM3

Underground Power Station

Fiqure 5. Snowy 2.0 TBM tunnels
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Recent TBM projects undertaken by the sound mining group

Sound Mining Solution (Pty) Limited (Sound Mining), in collaboration with Project Managers and
Design Engineers Limited (PMDE), assisted two different clients by providing professional consulting
services for preliminary feasibility studies (PFS) which considered orebody access by TBMs. The two
case studies are considered further.

Selection of TBM Tunnelling for Twin Decline Access Tunnels
Inspired by the Grosvenor decline tunnel in Australia, mechanised tunnelling by means of a TBM has
been considered for developing twin decline access tunnels in an underground iron mine project.

In consideration of the design approach, the geometry and dimensions of the orebody, including shape,
size, dip, strike, depth and extent of the orebody are critical parameters for mine design purposes. An
oblique view of the orebody under consideration is presented in Figure 6 and shows views looking in a
northeast direction (almost perpendicular to strike), and a side view. with approximate dimensions.
Sublevel caving (SLC) was selected as the preferred underground mining method.

All required TBM studies have been completed at a PFS level. The TBM tender has been awarded, along
with the selection of the Engineering, Procurement and Construction (EPC) contractor to execute the
project.
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Fiqure 6. Generalised views of the underground orebody

Geometry of twin decline tunnels

Different alternatives were considered to access the underground orebody. One of the alternatives
considered was implementing a twin decline tunnel system. An alignment (route) of the decline system
was designed and is presented in Figure 7.

In order to design the decline route, the following parameters were carefully considered:
e geometry and location of the orebody
e stope and development designs
e crusher(s) position
e position of the existing portal; and
e Maximum gradient of 16% for the decline tunnels.
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It should be noted that the start coordinates of the declines were considered as fixed points due to the
previously excavated tunnel portal.

Different options for designing the twin decline tunnels were investigated, and considered the following
steps:
e Development of the mine design criteria
e design the stoping (production) area in the orebody
e design of the underground infrastructure to link all the underground tunnels and excavations
e design of the access to underground from surface.

Fiqure 7. Plan view schematic of twin decline
The twin decline’s cross sections are illustrated in Figure 8.

This consists of a conveyor decline equipped with a conveyor belt and a maintenance roadway adjacent
to the conveyor belt. The maintenance roadway is wide enough to accommodate a utility vehicle which
will transport conveyor belt spares, tools, equipment and maintenance personnel. The conveyor decline
will transport the rock from the mining area to the stockpile area on surface. The second decline tunnel
(service decline) will be designed at a 7 m diameter and will be used to transport personnel, equipment,
machinery logistics and support ventilation requirements.
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Figure 9 provides a profile view of the declines.
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Fiqure 9. Profiles of the decline tunnels, mechanised section

Selection of TBM Tunnelling for an Incline Ore Conveyor Tunnel

Inspired by several incline tunnels worldwide, TBM tunnelling has been selected for excavation of an
ore transfer tunnel. This was a separate project in a very different international locality and the project
scope focused on providing the shortest possible access route to transport the mined ore from the
deposits down from higher elevation mountainous areas to lower elevation areas where the ore would
be discharged onto the designated stockpile areas. In order to navigate the environmentally sensitive
areas on the surface, it was decided to investigate the use of an underground tunnel between the
deposits at the top of the mountain and the low-lying areas. The selected access design is a 7.5 m internal
diameter underground tunnel equipped with a conveyor belt designed to transport 34 Mtpa (Million
tonnes per annum) of mined ore from the deposits at the top of the mountain to the low-lying area. It

77



has been assumed that all heavy-duty and large equipment would be transported on surface via the
construction roads.

Various technical areas were identified during the scoping of the PFS and formed the basis of the scope
of work. These included:

e Tunnel geometry and cross-section e Tunnel lining and inlay segments design,
e Geology and geotechnical studies including waterproofing
e General method statement e Tunnel services
e DPortal designs o Tunnel power.supply
¢ Tunnel boring machine (TBM) o Compressed air supply
o TBM selection o Industrial vyater supply
o TBM backup system requirements o Tunnel dralr.lag.e system
o TBM launching structure design © Tur.lr.lel Yenhlahon
o TBM ventilation system e  Site mobilisation plan
o TBM assembly and disassembly e Risk assessment
method statement
o  Muck handling

Tunnel geometry and cross-section
Several alternatives for the tunnel alignment were studied and the finally selected characteristics at the
PFS design stage are as follows:

e The tunnel will be a single tube with no transfer point or cross passages along the route.

e The tunnel length is about 5 km.

e Vertical alignment will be according to the variable gradients from the Lowland’s Portal 0.5°,

6° and 15°, see Figure 10.
e Horizontal alignment will be rectilinear with no curves at the ends.
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Figure 10. Longitudinal profile of the tunnel

The final cross-section for the tunnel presented in Figure 11. According to executional and operational
requirements, final diameter and excavation diameter will be 7.5 m and 8.3 m respectively.
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Fiqure 11. Cross section of the tunnel

General Method Statement
Three principal alternatives for the method statement were identified as described below:

Alternative I: Tunnel construction by one shielded TBM (length = 5030 m). In this alternative, a
dual mode TBM, with the ability to work in soil in closed mode, will be the optimal choice.

Alternative II: Tunnel construction from two working faces by a one shielded TBM (length =
3645 m) from the tunnel inlet and conventional method (length = 1385 m) from the tunnel outlet.
Alternative III: Tunnel construction by one Gripper TBM length = 5030 m. Depending on

waterproof requirements, two sub-alternatives with or without cast in place for concrete lining
is considered

A study was compiled on these alternatives for the method statement describing and discussing key
comparisons. For this exercise, no constraints around the project were assumed. This approach assisted
the project team to consider all possible method statements at the PFS level. The TBM was assumed as
the main excavation equipment for the tunnel. A multi-criteria analysis was used to compare the

alternatives and select the optimal option. The following principal goals have been targeted to select the
optimal alternative:

Minimise the construction time

Minimise the total project costs

Minimise the impact of the construction on the environment

Maximise the technical adequacy (directly related to the reduction of the construction time).

As a preliminary result, alternative I was selected as the basis for further studies at the PFS level.

CONCLUSIONS

The main advantages of TBM tunnelling compared to drill and blast or road header excavation
(conventional/traditional methods) are:

Higher advance rates by TBMs
Successful excavation through heterogeneous and loose rocks by using the correct TBM type
Successful excavation of hard to very hard rocks like quartzite

Their optionality to manage groundwater control at the tunnelling face through closed face
TBMs and also heavy-duty drainage pumps in the tail shield area
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e Improvement in health conditions for workers by providing a safe place in the shield, along
with the support benefits of concrete segmental lining erection

e Better ventilation control; and

e Smoother tunnel profile and clean working environment.

The main disadvantages of the use of TBMs for mining projects are as follows:

e High initial investment for the TBM purchase or for the modification requirements for the
second hand TBMs, along with their supporting logistical systems including concrete moulds
and transport systems, etc.

e TBM tunnelling should be considered as a separate project itself within the mining project
programme which needs to be carefully managed by specialists with TBM insight

e Long lead times are required for TBM projects; this includes site establishment at the jobsite (12
to 14 months), TBM installation (2 to 3 months) and finally TBM commissioning (1 to 2 months)

e The circular shape of TBM excavations create their own design constraints when compared to
conventionally excavated tunnel shapes

e In circumstances where one TBM is being used to excavate two tunnels it is necessary to
consider two separate assembly and disassembly operations

e Similarly, when using one TBM to excavate two declines it is necessary to order a spare set of
TBM shield skin, due to burying the first set into the ground, if using one TBM only to excavate
the twin declines.

TBM tunnelling systems can be considered as viable techno-economic alternatives to conventional
tunnelling approaches in mining projects. The TBM must be specifically designed for the ground
conditions along the tunnel route.
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