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Abstract: In a climate of volatile commodity prices and shifting
demand fundamentals, mining companies are entering a period
of structural change. To rectify cost overruns, improve capital
efficiency and rebuild investor relationships, companies need to
focus on productivity, sustainable costs, sharpen their
management and enhance shareholder value.

Under these frame conditions especially for high-performance
underground operations that are producing close to capacity
limits, 24 hours operability of the shafts are an essential key
factor for the success of the mining operation. Nevertheless,
shafts and shaft installations are typically influenced by
permanent hoisting activities with heavy loads
(wearing/abrasion), bad rock conditions (convergences, water
inflow, etc.), environmental conditions (high-speed ventilation,
temperature differences, humidity, dust, etc.), nearby mining
activities (deviation, inclination, rotation, lateral movements,
convergences, etc.) and potentially by accidents, which will
result in damaged walls or installations.

To achieve this full operability of shafts it is fundamental to
have full control of the shaft conditions, including potential
changes or damages. Currently the standard solution for shaft
monitoring is regular visual inspection by workers and
additional survey with traditional surveying methods on
demand. However, this approach is not effective in several
directions; in particular, work safety, quality, reliability and
objectivity of results, quick availability of results for
management decisions, time and cost efficiency.

The proposal will present a new innovative approach to
monitor and inspect mineshafts by kinematic laser scanning
methods. Firstly, the technology, developed by DMT, will be
explained. Two systems; one for shafts with and one for shafts
without hoisting facilities are available. Also special solutions
for abandoned shafts, declined shafts and raise boring shafts
will be shown briefly.

Recent examples from practice, in particular from a project in
Australia, highlight the achievable results and will give a clear
picture of the capabilities. Finally, the requirements from the
mining industry towards a fully autonomous shaft inspection
system will be discussed.

I. DMT SHAFT SURVEYING SYSTEMS

A. Overview

As already reported (Benecke, 2013) shaft inspection and
monitoring is important for any shaft under operation as
well as for abandoned shafts for different purposes, like
regular inspection on changes and damages, monitoring
whilst mining activities are impacting the shaft or as a basis
for repair work, reconstruction work or shaft closure work.
In all cases diverse information will be needed, e.g. detailed
documentation and condition of guides, walls and
installations, slope, deformation and damages of shaft walls,
plumbing of coordinates to deeper mine levels.

Even though it is important to acquire this information,
the acquisition is often difficult due to specific and
dangerous conditions for any survey in a mine shaft, e.g. the
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risk of falling down the deep hole, the particular
environment with dust, water, probably extreme temperature
and darkness as well as the limitations in space and the
available time window for surveying.
Traditional survey systems for shafts are not fulfilling the
requirements on safety, speed and accuracy:
e Safety: mostly remote operation, no men in dangerous
positions in the shaft
Safety for coal mines: system must fulfil safety
requirements concerning presence of methane gas
Speed: a measurement duration (equivalent to operation
down time) less than 1 shift per shaft is requested
Accuracy: some millimetre in local details, approx. 10 -
20 cm in absolute coordinates
Therefore DMT has developed two new innovative shaft
survey systems, for shafts with and without cages. Both
systems have already been presented in detail (Benecke and
Weber, 2013). Within the last three years several projects
under different conditions have been executed in Europe,
Russia and Australia. In addition DMT has developed and is
respectively developing, special solutions for shafts with
very specific requirements.

B. Cage-based System

The main idea for this system is the use of kinematic laser
scanning technology, already known from street or rail
mapping, but in the vertical direction, downwards in deep
mining shafts. However, this is not an easy approach; it was
really a challenge in research and development. In
particular, because of the missing availability of GNSS data,
the specific environmental conditions in mining shafts (e.g.
dust, humidity, dirt, methane gas in coal mines) and the
strict safety regulations.

The system layout is as follows:
Installation of the IMU and two IMAGER 5006i laser
scanners on a hoisting cage; if requested as explosion-
proofed versions
Kinematic survey of the shaft with both technologies:
Measurement of absolutes shaft position by IMU
Simultaneous data logging (shaft walls
installations) of both scanners in profiler mode
Odometer for depth control
Internal power supply and data storage
Control unit for synchronization purposes
The system was developed by DMT and tested on several
coalmines of RAG Deutsche Steinkohle AG in Germany.
Depending on the client requirement several different results
can be evaluated:
e Point cloud visualization in 3D and unwrapping
Deformation analysis
Cross sections

and
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CAD modelling of installations
Detailed measurement of position and distances of
guide rails
Absolute positioning track
The main features of the system can be concluded as
follows:
e  Three-dimensional digital object documentation by
kinematic laser scanning while cage driving
Remote and complete 3D-documentation of shaft walls
and installations (e.g. Guide rails, pipelines or
spreaders) with damages and anomalies
Absolute positioning and deviation from the vertical by
inertial measurement technology
Fast, easy and complete data acquisition independent
from lightning or surface conditions
Safe execution of the survey without dangerous work
inside the shaft
Fulfilment of EU (ATEX) regulations, the highest
worldwide standard concerning the use of electrical
devices in explosive areas [European Parliament, 1994]
Highest reliability and accuracy
o Absolute accuracy (for depth of 1,000 m): 10 cm
o Relative accuracy of laser scanner measurement:
Imm at 10m distance
Manifold options for data visualization and analysis
(e.g. 3D, Virtual Reality, Video, CAD)

C. Wireline System

In particular in Germany a large number of abandoned
shafts are not back-filled for several reasons (e.g. use for
water pumping). Also a huge number of very old mine
shafts (approximately more than 10,000 with an age of some
hundred years) exist that become more and more the cause
for damage to the surface, like sinkholes.

Clients asked DMT if there would be an opportunity to do
scanning of these old mine shafts, where typically no cage is
installed. After some trials testing, DMT developed the
Wireline-Shaft-Survey-System within the framework of a
European Research Project [MISSTER, 2012].

The wireline system consists of the following main
components:

2D-Laser scanner (Profiler)

Inertial Measurement Unit (IMU)

360° RGB Camera

Sensor for barrier identification

Gas sensors (O, and CHy)

Power supply

Data processor and storage
Although the system layout is different from the cage-
based-system; the results and option for data evaluation and
visualization are more or less the same. Fig. 8 illustrates the
extremely high quality of the acquired data from a tubbing
shaft.

Also the achievable reliability and accuracy of the
measurements with the wireline-shaft-survey-system is
extremely high:

Absolute accuracy (for depth of 1,000 m): 20 to 30 cm
Relative accuracy of laser scanner measurement: lcm at
10m distance

II. PROJECT EXAMPLE: ERNEST HENRY MINE
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A. The Ernest Henry Mine and the shaft surveying project

Ernest Henry Mining (EHM) is an underground copper
and gold mining and processing operation located 38 km
north east of Cloncurry in northwest Queensland, Australia.

It ispart of Glencore’s portfolio of copper assets
in Australia which also includes the Mount Isa Mines copper
operations, Copper Refineries Limited in Townsville and the
CSA Mine near Cobar, New South Wales as shown in
Figure 1.

Townsville Copper Refinery
@ and Port Operations

Brisbane

Sydney

-

Figure 1: Location of Ernest Henry and Australian Glencore Copper
Operations

EHM commenced commercial production in March 1998
as an open pit mine and then in 2009, announced a $589
million project to transition the operation to an underground
sub-level cave (SLC). Underground production commenced
in December 2011, initially trucked via the decline and in-
pit portal at rates up to 3 Mtpa. SLC production ramped up
to a sustained rate of 6 Mpta following the commissioning
of the underground crushing and hoisting system in June
2014.

SLC is a mass mining method utilising the gravity flow of
blasted ore and caved waste rock. The method functions on
the principle that ore is fragmented by blasting, while the
overlying host rock fractures and caves under the action of
induced stresses and gravity. The caved waste from the
overlying rock mass fills the void created by ore extraction.
(Brunton, 2009)

The EHM open pit at completion was 1.5km by 1.3km
across at its widest points and 530m deep. The orebody dips
at approximately 45° to the south, continuing underneath the
south wall of the open pit to a depth of almost 1000 m as
shown in Figure 2. As the SLC is mined from the top of the
orebody and worked down, the south wall of the open pit is
collapsed by the caving process.

The hoisting shaft, collared in the upper east wall of the
open pit is sunk to a depth of 925m has a lined diameter of
7m, and is 96m to the nearest pit crest. Due to the shaft’s
proximity to the SLC, displacement is expected over the life
of mine and predictions have been made utilising numerical
modelling as shown in Figures 3 and 4.
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Figure 2: Perspective view of the surface and underground operations at the
Ernest Henry Mine

Figure 3: Oblique view showing forecast deformation of the shaft for
base-case footprint; horizontal displacements in this view are scaled up
by a factor of 200 for visual purposes
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at end of modelled mining sequence
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B. The shaft survey

To obtain a full 3D documentation of the Ernest Henry
Mine shaft the DMT Cage Based Shaft Mapping System
was used. The overall system contains several sensors for
the measurements and the data evaluation. The 3D-
documentaion with the cage-based Shaft Survey System was
performed in two steps — firstly determination of the shaft
deviation by inertial measurements (IMUS) and secondly
kinematic laser scanning.

C. Performance of Inertial Measurements (IMUY)

The inertial survey system IMUS5 measures and saves
acceleration as well as rotational speed data in three survey
axes enabling the path covered by a base vehicle to be very
precisely determined.

The system components are mechanically mounted with
clamp tables on rails - a mounting system designed for use
in German coal mine shafts. As local requirements are
different it was necessary to modify the mounting system for
Ernest Henry Mine shaft conditions. In cooperation with
Ernest Henry personnel a new design and mounting of
special brackets on the top side of the skip was developed,
with particular attention being paid to the rigidity of the
structure to make sure that there is no movement between
the various parts of the system due to vibration. The
instrument was set on the “South Skip” (Figure 5).

The IMUS survey procedure begins with mounting the
system on top of the cage followed up by a manual
determination of the IMU position in relation to the guides /
runners.

When measuring, the inertial survey system is self-
sufficient, i.e. all the components needed for operation -
such as power supply, sensors, storage media and so on - are
installed within an explosion-protected casing. The casing
allows the system to be safely operated in places where
there is an explosion hazard. Replacing or re-charging the
battery as well as reading out the measured data takes place
with the casing open in non-explosive environments.

The operation of the system, when it is in action, requires
the cage to be lowered at a speed of 4 meters per second for
about 30 seconds and then stop for 60 seconds. This
procedure is repeated until the bottom of the shaft is
reached. One run of the 915m deep shaft took approximately
20 minutes. At least six runs were conducted to guarantee a
good data redundancy.

Ernest Henry Mine uses four ropes to guide the skip
along the vertical shaft axis. These rope guides with a
diameter of 45mm are fixed at the head frame and at the
bottom of the shaft. For inertial measurements with no
support from other geo-referencing sensors, like GNSS,
several periods with no movement (zero velocity update) are
necessary. Because of the flexible rope guide the skip never
comes to a stop, which has an impact on the accuracy.
Furthermore the processing revealed major movements in X-
and y-direction while accelerating the cage to 4m/s, also
related to the flexible rope guides. Both circumstances have
an effect on the determination of the IMU trajectory.
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Figure 5: IMUS mounted on the Ernest Henry Mine — South Skip

D. Performance of 3D Laser Scanning

The main components of the DMT cage-based Shaft
Survey System are two laser scanners on variable metal
supports, batteries and an odometer incorporating the
control unit. The system is synchronized by trigger signals
emitted by the odometer, which are transferred by optical
wires to the scanners. The scan data of the laser is stored on
integrated hard disks.

The existing hoisting cage including the maintenance
frame was used as the carrier for the laser scanner system.
To mount all parts on top of the cage several adaptions were
required. Both laser scanners were installed on variable
metal supports. These supports have been secured with steel
pipes.

The odometer of the system is designed for use with steel
or wood fixed guides. Ernest Henry Mine uses ropes to
guide the skip along the vertical shaft axis. Therefore it was
necessary to modify the odometer for Ernest Henry Mine
shaft conditions. Both running wheels were replaced by
concave wheels specially designed for the rope diameter of
the Ernest Henry Mine shaft. To fix the odometer on the
maintenance frame a new design and mounting of a bracket
was developed, with particular attention being paid to the
rigidity of the structure, to ensure that there is no movement
during the measurement procedure.
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Due to the design of the maintenance frame two
measurements with two different scanner positions were
necessary (downward run at position 1/ changing the
scanner positons to position 2 / upward run; Figure 6).

The operator controlled scanners using a handheld PDA,
which was wirelessly connected to them. The odometer
captured the distance travelled along the shaft, while two
wheels were rolling on one of the guide ropes (Figure 7). All
data was captured with a skip speed of approximately
0.2m/s. The atmospheric conditions changed during the
measurements. At some sections of the shaft, water inflows
existed. Therefore the concrete wall of the shaft was wet and
the water went down inside the shaft. Such conditions have
an effect to the measurements of the laser scanner. The laser
beam of both the scanners were not reflected as well on wet
surfaces when compared with dry or slightly wet conditions.
Additionally water drops in the air were detected by the
scanner and stored as measured points. These points had to
be modified manually during post processing.

To process the geo-referenced point cloud, laser scanner
targets were placed, before the scanning runs, in the area of
top collar. These targets were geo-referenced by the survey
team from Ernest Henry. During the post processing the
targets were used as reference points.
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Figure 6: Laser scanner positions

Figure 7: Mounted Laser scanner and Odometer

E. Data-Processing

The 3D documentation of the Ernest Henry Mine Shaft o
has been performed with DMT Cage Based Shaft Mapping
System. This system compromises two measuring methods,
inertial measurements and laser scanning °

D. Data processing of the IMU data:

The IMU is equipped with 3 accelerometers and 3 laser
gyros. All sensor values have been processed to calculate
the trajectory of the skip during a measuring run.

Processing steps for each IMU run:

e Digitizing and scaling of the X-, Y- and Z-acceleration
values as well as converting the gyro values into
physical units

e Transformation of the acceleration values into the
internal navigation coordinate system with subsequent

integration provides the velocity in X, Y, and Z
directions afflicted by sensor drift

Determination of the velocity correction values by
using the zero velocity updates (ZUPT) and subsequent
polynomial fitting

Correction of the velocity values by subtracting the
correction values in all three directions

Integration of the polynomial corrected velocity to
determine the trajectory (covered distance in X, Y and
Z direction of the skip)

Cutting out the sections in the stop phases to determine
the true movement pattern of the skip is in subject to
time

Representation of the skip track in south/north and
east/west

After processing of the six data sets / measuring runs an

average data set was processed and converted for the

processing of the laser scanner data.
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E. Data processing of laser scanner data:

Based on trigger signals and odometer data and
determination of the orientation of each scanner, the scan
data of the two scanners were synchronized and converted
into a three-dimensional point cloud. The processed IMU
data which was converted into the same coordinate system
as the point cloud was imported into a processing software
and merged together. By applying filter algorithms,
unnecessary data and data noise were removed, resulting in

a ‘cleaned’ point cloud. Due to noise in the point cloud
caused by the water inflows in the shaft the point cloud has
been cleared up manually. Then the point could was
referenced onto the coordinate system of the mine by 3D
transformation. The resulting three-dimensional (X,y,z)
cleaned point cloud is visualized in unwrapped manner and
documents the current shaft lining and installation situation
(Figures 8 and 9).

Figure 9: 3D point cloud

Additionally profiles (horizontal/vertical) in an AutoCAD
compatible format with a spacing of 5 m, point cloud

(X,Y,Z and Intensity) and unwrapped images of the shaft
walls were provided.
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The shaft deviation was calculated from the centres of the
sections. This centre point was determined by fitting a circle
in to the cut sections with least square method. Each least
square point represents the middle of the shaft lining.

After data processing, the following results were

delivered:

e 3D point cloud

e 31 unwrapped images of the shaft wall

e 173 cut sections in intervals of 5 m

e  Graph of the shaft inclination; processed form the least

square points of the cut sections
The generated results can be used for the determination of
water inflows, any kind of mapping, as build documentation
or as a base to compare future measurements with the
current situation.

F. Results and findings

The purpose for utilising DMT’s shaft scanning services
was to gather baseline data for later comparison as the SLC
grows. The initial scan performed at approximately 12
months after commissioning was crucially timed so that
there were no influences expected from production at that
time. Periodic scanning can now be compared to modelled
predictions and remedial works can then be planned with
sufficient lead times. Actual deformation against predicted
will also be critical in scheduling future expansion of the
cave footprint east towards the shaft.

The resolution presented from the post processed point
cloud data should enable even minor deformation within the
lining to be heat mapped and because the data is coordinated
on the mines’ local system, can be overlaid against our
current fault model.

The high quality unwrapped digital images that were
made available had immediate value to the mine’s fixed
plant maintenance team. The images were used to best
determine the locations of water ingress through expansion
joints in the shaft lining. As the images were rectified to the
local height datum this made the task of designing and
planning suitable pipe and guttering a much simpler task. As
a result the shaft is much drier now.

Operationally the scanning project went very smoothly. It
was performed safely and quicker than scheduled. Total
time within the shaft including setup and scanning did not
exceed a single 12 hour shift. The completion of a detailed
plan and risk assessment by DMT’s team demonstrated
professionalism and worked extremely well with the team
on site.

III. THE FUTURE — FROM SURVEYING TO INSPECTION

Although the presented systems for kinematic shaft
survey are an important step forward in quality, reliability,
safety and effectiveness in shaft surveying, further
developments are planned or already under development. In
particular the use of high resolution video camera systems in
addition to laser scanners will offer some new opportunities
in data quality and evaluation. Together with partners DMT
is working on such solutions, which are the important next
step forward towards our vision of an automated shaft
inspection system, which can easily be installed by shaft
engineers and will replace in some years the regular visual
shaft inspection. The system will record the data in high
quality and will send them in real time to the mine control
room, where some intelligent algorithm will directly identify
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changes in comparison to former inspections automatically.
However, the shaft inspector can do his work in a
comfortable and safe environment on a computer or in a 3D-
theatre and can do data evaluation and impact investigation
on the basis of reliable and comparable data sets.
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