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SUMMARY

This project applied airborne laser scanning tetdgyfor the detection of mine subsidence
over a broad area, a commercial application noelyidsed in the Australian underground
coal mining industry.

The objective of the project was to prove the lageseration airborne laser technologies as a
reliable and objective source of vital subsidenomitoring data for an underground coal

mine and to demonstrate its potential as a compleangor alternate method to conventional
geodetic subsidence detection and monitoring.

Pre-mining airborne laser scanning (ALS) data togetvith ALS data acquired post-mining
was processed together to measure the level ot&kestibsidence that had occurred across
the mining area. Rigorous quantitative comparisioAlds and geodetic survey data was
carried out over a range in topography and vegetatensities allowing the technology to be
assessed with a variety of environmental variables.

Integrated spatial analysis and field checkinghefelevation differences of the datasets
showed well defined subsidence zones around tlas afdongwall mining. The analysis also
indicated that there was good correlation betwek8 And geodetic data, although some
areas of observed differences between the datassisred, particularly in areas with
extremely steep gradients.

This paper outlines how ALS surveys can produchliigepresentative terrain data which
can be considered to provide a relatively accutaseription of the subsidence that has
occurred over the entire mining area.
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1. INTRODUCTION

Mandalong Mine is wholly owned by Centennial Coahgpany Limited and is located close
to Morisset in the City of Lake Macquarie, New SoWales, Australia. The underground
mine lies within the catchment of Lake Macquariéhwihe topography ranging from the
broad flat floodplain of Stockton and Morans Creeggo the foothills of the Watagan
Mountain Range. The surface above the mine cansist floodplain with an elevation of
approximately 10 metres above Australian Heighuba(AHD) together with ridge and
valley topography with a maximum elevation of 176tras AHD as shown in Figure 1. The
surface land is used for low-intensity agricultarel rural residential retreats.

Figure 1 - Mandalong Surface Topography (Seedsm&007)

The Mine commenced longwall extraction in Janu@§32in the West Wallarah Seam, which
ranges in depth between -150 metres and -240 m&itiBs The Mine uses an innovative
mine design and subsidence prediction method wiiitikes relatively narrow width

longwall panels (160m) and a massive conglomeratie beam that is present in the
overburden to minimise subsidence. This desigriges reduced levels of subsidence,
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minimising the impact on property, the floodplamdahe environment, as well as complying
with stringent State Government development consamditions.

Mandalong’s unique method of mining meant thateheas no available subsidence
information from other mines that could be useddlidate the subsidence prediction model.
As such regulators took a cautious approach whgatiaing subsidence monitoring
agreements to ensure that any subsidence greatetité predicted level would be detected.
Monitoring methods consisted of conventional susvey longwall centreline marks and
perpendicular crosslines at specific points. Céineeand crossline monitoring as shown in
Figure 2, provides an accurate sectional view efslbsidence occurring in that vicinity, but
does not provide data across the whole of the umded area. Therefore another method of
proving/detecting subsidence across the whole migemparison to predictions was
necessary.

Figure 2 - Surface Area Effected by Mining Overlagd
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with Conventional Subsidence Monitoring Lines shown
Airborne Laser Scanning data was originally acqluoeer the mining area in 2003 by AAM
Geoscan for the purposes of producing topograpmeotirs for the Mine. This method was
chosen over photogrammetric methods because obiiebLaser Scanning technology’s
ability to penetrate the gaps in the vegetatioropgirand capture separate returns from
vegetation and from the ground. This feature embtirat an accurate and reliable terrain
model was derived and initially used to model flogdevels.

ALS surveys have been successfully used by opecoalitoperations for a number of years
to calculate stockpile and void volumes from saafniscations before and after an event. It
was subsequently theorised that the pre-mining 8aia, together with ALS data acquired
post-mining could be processed together to medkarkevel of vertical subsidence that had
occurred across the mining area in a similar whogitwith the added difficulty of thick
vegetation and steep terrain.

2. PROJECT OVERVIEW

The objective of the project was to use AirbornedraScanning to bring transparency to the
subsidence monitoring process along with the gliditquantitatively demonstrate the
magnitude of subsidence and other environmentalgdeacross the whole of the mining
area.

Pre-mining ALS data was sourced for the Mine by A@doScan (now AAM Pty Ltd) in
June 2003 and February 2004, with subsequent pogstgmALS data acquired in August
2006 and June 2008. AAM used various models of €bpferborne Laser Scanners on each
occasion, including use of the Optech ALTM GEMINg7kHz in 2008.

Umwelt (Australia) Pty Limited (Umwelt) where engato undertake a comparison of
Airborne Laser Scanning data of a 6kanea of the Mandalong Valley for pre-mining and
two post-mining datasets provided by AAM. This ganson was undertaken to determine
whether ALS is a suitable method of measuring slévsie as a result of longwall mining in
the Mandalong Valley by comparison to data coll@édig conventional survey methods, and
the actual subsidence over the mined longwalls.

2.1 Datasets

Pre-mining ALS data was sourced for Longwalls 4 @wf the mining area on 18 June 2003.
ALS data for the remainder of the Mandalong Vallgs sourced on 8 February 2004.
Ground support (i.e. a GPS base station) was pedviy local surveyors, C.R. Hutchison &
Co. Pty. Ltd. The ground check points acquiredhgysurveyors allowed an assessment of
the accuracy of the ALS data. One hundred ancealgvound check points were used, which
concluded a vertical standard error of 0.04 mdbepoints on open clear ground
(AAMHatch, 2003). The supplied point cloud of th@03 ALS data (ground strikes only) has
a 2.06 metre estimated average point densityp@ieits per rf) (AAM GeoScan, 2003).
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Since the commencement of underground mining tvditiadal ALS datasets have been
sourced. The first post-mining ALS data was acgon 12 August 2006. This data
corresponds to the completion of mining of Longwdlland 2 and part of Longwall 3.
Ground check points were again used by AAM to asesaccuracy of the ALS data. The
supplied ground check points were in the sameasdhe check points for the previous 2003
ALS survey. One hundred and sixty three checktpaiwere used for validation, resulting in
a vertical standard error of 0.024 metres for Eoart open clear ground. The supplied point
cloud of 2006 ALS data (ground strikes only) has&l metre estimated point density
(AAMHatch, 2006).

Post-mining ALS data was again sourced on 10 J0A8.2This data corresponds to the
completion of Longwalls 1 to 5 and part of Longw&ll Ground check points were again used
to assess the accuracy of the ALS data. The sgpgfound check points were in the same
area as the check points for the previous 2006 sr8ey. Two hundred and fifteen points
were used for validation, resulting in a vertidalrglard error of 0.051 metres for points on
open clear ground. The supplied point cloud of 2808 data (ground strikes only) has a 4.6
metre estimated point density (AAMHatch, 2008).

2.2 Expected Accuracy & Data Limitations

Information provided by AAM indicated that the hmontal accuracy of ALS data points on
open clear ground is: 0.55 metres in 2003, 0.5%en@h 2006 and 0.2 metres in 2008, with a
stated vertical accuracy of all datasets is 0.16end¢0 1 sigma (ie 68% of the ALS point data
utilised by Umwelt in their analysis was plus omoms 0.15 metres of its true elevation).

AAM has also indicated that accuracy estimatesdorin modelling refer to the terrain
definition on clear ground. In addition, groundidiion in vegetated terrain may contain
localised areas with systematic errors or outlieas fall outside this accuracy estimate.

Laser strikes were classified into ‘ground’ andrirground’ by AAM, based upon algorithms
tailored for the major terrain/vegetation combioa$ existing in the project area. AAM has
indicated that the classification algorithm mayldms accurate in isolated pockets of
dissimilar terrain/vegetation combinations and urrickes.

AAM has also confirmed that the algorithm usedl&ssify points as ‘ground’ or ‘non

ground’ may have differed between the 2003 dat@sethe 2006 and 2008 datasets, resulting
in significant differences in some areas. Thig@fivas particularly noticeable in areas of
high relief (eg creek banks and steep terrain)lawdhick vegetation (e.g. noxious weed
Lantana camarg for the comparison between the 2003 and 2006 datase

Future scope of work will specify the applicatidrtloe data sets so that identical sensor
settings and algorithm for processing are utiliSgds will increase the suitability of the ALS
datasets for this important temporal work.
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2.3 Analysis Approach

The ALS data points sourced by AAM in 2003, 2008 2608 were interpolated to obtain
grid based digital terrain models (DTM) with griple€ing of 2.0 metres.

Subsidence values were calculated by comparingléwation differences between the
corresponding points of the DTMs.

The analysis of the elevation differences of thiaskets (i.e. 2003 to 2006 and 2003 to 2008)
shows well defined subsidence zones around the afdangwall mining (refer to Figure 3
and Figure 4). The analysis also indicated soraasaof significant observed differences
between the datasets. These differences are destfigrther in Section 2.4.

The calculated subsidence using the ALS data veascampared against subsidence
monitoring line data surveyed by Centennial Mandgl@refer to Section 2.5).

Umwelt utilised customised in-house database agpdics, MySQL, Bentley Microstation
and ArcView™ GIS software in the analysis of the ALS data.

2.4 Comparison of ALS Datasets
2.4.1 2003 to 2006

An analysis of the elevation differences of the2@8d 2006 datasets shows a wide range of
difference in elevation, from approximately minusmétres to approximately plus 6 metres.
The analysis also indicates that 99.7% of the ¢levalifferences are within the range of
minus 1.5 metres to plus 0.5 metres.

Some of these differences between the two ALS dtta@sin be explained by processes other
than subsidence, including limitations of horizdmatad vertical ALS data accuracy,
differences in the classification of ‘ground’ ambh-ground’ data of two ALS surveys,
changes in elevation of water surfaces (i.e. damdsceeeks) at localised landform features
within the study area and changes/improvements ntatee processing algorithms used
when processing the ALS in 2003 and 2006 (ref&ection 2.2).

Additional calculations revealed that in areas wlmrbsidence has not occurred, the average
elevation of 2006 survey was 0.05 metres highear tha average elevation of pre-mining
survey. Even with these discrepancies, it is a®rsd that the difference between the 2003
and 2006 ALS datasets provides an accurate dascoripit subsidence associated with
Longwalls 1 and 2.
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Figure 3 - 2006 Airborne Laser Scanning - Observe8ubsidence (Umwelt)
2.4.2 2003 to 2008

An analysis of the elevation differences of the2@8d 2008 datasets shows a wide range of
difference in elevation, from approximately minr@etres to approximately plus 10 metres.
The analysis also indicates that 99.6% of the ¢lewvalifferences are within the range minus
1.75 metres to plus 0.21 metres.

Some of these differences between the two ALS dtta@sin be explained by processes other
than subsidence. Again many of these differenceslaly the result of
changes/improvements made to the processing dgwitised when processing the ALS in
2003 and 2008.

Additional calculations revealed that in areas wlmrbsidence has not occurred, the average
elevation of 2008 survey was 0.082 metres higheem the average elevation of pre-mining
survey. Again, even with the discrepancies, tossidered that the difference between the
2003 and 2008 ALS datasets provides an accurateijksn of subsidence of Longwall 1 to
Longwall 5.
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Figure 4 - 2008 Airborne Laser Scanning — ObserveSubsidence (Umwelt)

2.5 Analysis of ALS Results versus Geodetic Survey

Geodetic surveys using conventional leveling aaddrsing techniques are conducted on a
regular basis along subsidence monitoring lingeénlongwall mining area. The geodetic
subsidence monitoring line data was compared WehALS survey data for the both datasets.
For each dataset the geodetic survey closest mttnthe ALS survey capture date was used
in the analysis. Rigorous comparison of ALS andewidata over a range in topography and
vegetation densities was possible due to the extessbsidence monitoring network

installed by the mine, allowing the technology eéogroven with a variety of environmental
variables.

2.5.1 2003 to 2006

The subsidence monitoring line data with the clbdate to ALS survey date (i.e.
12 August 2006) was compared to the ALS analyssubsidence up to 2006. Survey data
was available at 478 points along nine survey l{nefer to Figure 3).

Each supplied survey point was compared againslti$edataset. The difference is
calculated as surveyor’s elevations minus ALS dlexa. Table 1 shows the average,
maximum and minimum differences calculated fromgbedetic subsidence survey minus
ALS subsidence.

The analysis indicates that there is a good cdioeldetween the geodetic survey measured
subsidence and the ALS analysis subsidence fsub8idence monitoring lines, except
Centreline 3. The average elevation differenceveen the ALS data and the geodetic survey
data (excluding the data for Centreline 3) is 0.0%%res. The area where Centreline 3 varies
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between the two methods is immediately to the sofibeaves Road. An inspection of this
area from Deaves Road during February 2007, didnadtate any aspect of the area that

might significantly influence the ALS data acqusit or accuracy. As such, the differences
in this area are yet to be determined. Figure Svshorossline 5 comparison between
Geodetic survey and ALS.
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Figure 5 - 2006 Crossline 5 Subsidence Monitoringihe Comparison — (Umwelt)

. Date of Avera}ge Minimgm Maximum
Cross Section Geodetic Number . Elevations I_Elevatlons Elevat|ons
Name Survey of Points | Difference to ALS | Difference to Difference to

Data (m) ALS Data (m) ALS Data (m)

Crossline 1 09 Sep 2006 58 0.031 -0.169 0.173
Crossline 2 28 Jul 2006 65 0.042 -0.204 0.182
Crossline 3 04 Aug 2006 36 0.006 -0.143 0.149
Crossline 4 14 Aug 2006 86 0.021 -0.129 0.270
Crossline 5 09 Aug 2006 86 -0.008 -0.255 0.215
Crossline 6 26 Oct 2006 27 0.013 -0.191 0.130
Crossline 7 26 Oct 2006 18 0.046 -0.087 0.170
Centreline 2 26 Oct 2006 23 0.093 -0.011 0.213
Centreline 3 26 Oct 2006 43 0.145 -0.319 0.474

Table 1 — Summary of 2006 Subsidence Difference®al Survey Lines (Umwelt)
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2.5.2 2003 to 2008

The subsidence monitoring line data with the clbdate to ALS survey date (i.e.

10 June 2008) was compared to the ALS analysislididence up to 2008. Survey data was
available at 1250 points along 16 survey linesefréd Figure 4). Due to the expansion of the
mining area additional cross sections were inclidethe 2008 analysis. In addition, some
of the survey lines included in the 2006 analyssseanot included as these lines have not
been recently surveyed. Survey dates for the dabse monitoring lines are typically within
one month from the ALS survey date.

Each supplied survey point was compared againAltisedataset. Table 2 shows the
average, maximum and minimum differences calcultdethe geodetic survey subsidence
minus ALS subsidence. A representative sampleettmparison graph for Crossline 3 can
be seen in Figure 6.

2008 - Cross Line 3
1.2

1.0+

0.8 1

0.6 1

0.4

0.2

e A e
a 51 6 7 valr\zvglwr\Y\/ll Yﬂ‘,\/ﬂlzl MY

1

Subsidence (m)

-0.6 1

-0.8 1

-1.0

-1.2

Points ——Surveyor's data
—®— ALS data

Figure 6 - 2008 Crossline 3 Subsidence Monitoringihe Comparison — (Umwelt)
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Average Minimum Maximum

Cross Section | Date of Geodetic| Number Elevations Elevations Elevations
Name Survey of Points | Difference to | Difference to | Difference to

ALS Data (m) | ALS Data (m) | ALS Data (m)
Crossline 2 02 Jul 2008 163 0.018 -0.427 0.412
Crossline 3 08 May 2008 133 -0.003 -0.252 0.456
Crossline 4 04 Jul 2008 41 -0.023 -0.243 0.235
(Deaves Rd)
Crossline 5 07 Jul 2008 85 0.008 -0.412 0.272
Crossline 6 07 Jul 2008 24 -0.077 -0.273 0.149
Crossline 8 07 Jul 2008 79 -0.063 -0.367 0.187
Crossline 9 12 May 2008 106 -0.077 -0.423 0.106
Crossline 10 27 Jun 2008 84 -0.118 -1.118 0.213
Crossline 11 16 Jun 2008 20 0.094 -0.156 0.280
Crossline 12 16 Jul 2008 54 -0.091 -0.427 0.279
Crossline 13 30 Jun 2008 34 -0.008 -0.118 0.091
Centreline 5 15 Jul 2008 67 -0.101 -0.371 0.110
Centreline 6 02 Jul 2008 74 -0.157 -1.041 0.143
Centreline 7 29 Jul 2008 69 -0.129 -0.517 0.283
Centreline 8 22 Jul 2008 96 -0.285 -0.701 0.192
Creek 08 Jul 2008 94 0.025 -0.583 0.972

Table 2 — Summary of 2008 Subsidence Differencesaly Survey Lines (Umwelt)

The analysis indicates that there is a good cdioeldetween the geodetic survey measured
subsidence and the ALS analysis subsidence fsub#idence monitoring lines, except
Centreline 8. It is likely that as the geodeticveyrdata available for these lines is six weeks
after the ALS survey, additional subsidence fromrthining of Longwall 6 may have
contributed to these differences. The differenodbe geodetic survey measured subsidence
and the ALS analysis on Centreline 5 is a reswvater ponding on the surface in the
subsidence trough and providing a false groundimgazh the ALS survey. The false ground
reading is estimated to be in the order of 0.3 eseffhe average elevation difference between
the ALS data and the geodetic survey data (exofuttia data for Centreline 8) is minus

0.013 metres.

The analysis also indicates that there is a wideability of minimums and maximums of
elevation differences of the same cross sectionth@2008 survey to the 2006 survey. This
variability can likely be explained by the increas¢he number of points along the cross
sections suitable for a comparison in the 2008esuand a longer time gap between the
monitoring lines and ALS survey dates for the 2808/ey.
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3. CONCLUSIONS

A solid technical appreciation has been attainedhe data collection and analysis
specifications to ensure accurate subsidence momgtoThis data can supplement the other
monitoring undertaken by the mine. The data fromALhS technology provided a detailed
dataset enabling temporal comparisons of terraiiace across a broad area that can be
utilised to supplement the extensive conventionbkglence monitoring program. ALS also
provided the ability to obtain data in areas withess difficulties and on private land that
would otherwise have been without monitoring.

Specifications for the stringent Scope of Workdata collection and analysis have been
developed for land subsidence while showcasingelwbility, safety and accuracy
achievable from the latest generation of aeriaraschnology.

The comparison of the Airborne Laser Scanning (Al&ha for the Mandalong Valley for the
pre-mining and two post-mining datasets indicates ¢ven with consideration of the outliers
in the analysis, the ALS survey produces highlyesentative terrain data that can be
considered to provide a relatively accurate desonpof the subsidence that has occurred
over the entire mining area with a variety of soefdopography and vegetation. It should be
noted that the accuracy of this analysis is gowkinethe vertical accuracy of the ALS data
(i.e. 0.15 metres vertically) — though higher aacyrcan be obtained.

It is envisaged that ALS monitoring will continuelte used in combination with
conventional monitoring, such that the extent asddency of conventional monitoring may
be reduced. Future data capture using ALS techgalbguld ensure that as far as possible
the parameters are consistent between surveyadingl ground point density and processing
algorithms. Major subsidence line comparisons rhasturveyed as close to the date of data
capture as possible to reduce any issues surragnawement occurring between the dates
of the two surveys.

To improve the accuracy of the capture and proogssi future data, ALS flight paths should
be planned such that they are perpendicular tsltpe of terrain to reduce the effect that
horizontal position error has on height. The apti@ improve the accuracy of the ALS
subsidence calculation, particularly in area oépteerrain by generating higher resolution
digital terrain model grids from existing and espbyg new data should also be investigated.
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civil design and planning assessments for varishany coal mining and quarrying
developments.
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