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ABSTRACT

The goal of underground coal mining is to extract as much coal as possible. Due to the rise of
awareness towards sustainable development and increased price competitiveness of other
alternative energy sources, enhancing productivity has become a critical aspect in the coal
mining industry. Several elements influence the productivity in underground mining
operations, such as equipment efficiency, personnel deployment, and working conditions.
Improvement in productivity results in superior and expedited extraction of coal deposits. The
most effective way of improving coal recovery rates in room and pillar method of coal
extraction is through retreat mining. However, retreat mining presents several challenges,
most of them are aligned with pillar designs. Various probable solutions to improving
productivity of an underground mine, and the assessment of the applicability of Bieniawski’s

step-by-step approach to pillar design for retreat mining are scrutinized in this paper.

Key words: coal, productivity improvement, room and pillar, pillar design, retreat

mining
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INTRODUCTION

Unlike neighboring South Africa, a global player in the mining industry, eSwatini, formerly
known as Swaziland, has a handful beneficial minerals that include silica, gold, diamond and
kaolin, and only has one profitable mining practice, coal mining. In recent times, the economy
has been declining tremendously as a number of mining companies have shut down their
operations due to the lack of proper railway lines in the mining regions [1]. The government
of eSwatini hopes to improve the country’s coal exporting potential. Currently, coal is only
exported to South Africa through trucks from the sole coal mine, Maloma Colliery. Coals in
eSwatini occured in the rocks comprising of Karoo Supergroup, and distributed throughout
the inland area of the southern part of Africa. The country has vast coal deposits, nearly 150
million tons of anthracite coal deposits, but the mining operation is fairly small, having an
annual production capacity of less than a million tons of coal. With the proposed construction
of a railway line connecting eSwatini and South Africa, the country aims to improve
productivity to at least 15 million tons annually. Figure 1 displays the Karoo Supergroup coal

belt.
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IIMBABWE

Fig.1: The coalfields of South Africa and eSwatini

MOIAMBIQUE

According to [2], the coal production decreased by 31% in 2014 compared with that of 2013.

Table 1 shows mineable coal reserves, projected life and employment levels in each of

eSwatini’s potential coal mines.

Table 1: eSwatini’s Coal Reserves

Area Mineable Est. annual Life of mine Est. employment
(million tons) production (years) levels

Mhlume 18.4 665,000 27 665

Area 1 9.1 - - -

Area 2 Mpaka 41.2 500,000 82 600

Area 3 20.6 500,000 41 450
Lubhuku 18.9 510,000 37 500
Maloma 35.3 600,000 58 600

Total 143.6 2,775,000 -

(Source: Geological Survey and Mines Department of eSwatini — 2006)
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The remaining coal mining company, Maloma Colliery, conducts conventional mining which
comprises of room and pillar mining, trackless mining with diesel load haul dumpers (LHDs),
and, hand and hand air drilling for coal and jackhammers for stone development. Mining
operations have two (2) production sections and two (2) development sections against a
backdrop of complex and disturbed geological area with high methane emission rates and
major and minor faults or dykes. Mining occurs at a depth of one-hundred and fifty (150)
meters maximum. Fig.2 shows the layout of the mining area and the complicated geological
intrusions encountered at Maloma Colliery. The faulting range between 1.0m to 30m up and
downthrow. Intense prospect drilling programming is undertaken from 100m grid to as close
as 30m apart due to the normal gradient that stands at 6-8 degrees and varies to a maximum of

14-16 degrees [3].

30m Marker

Dolerite sill

ast 08

Fig. 2: Mining Area Layout at Maloma Colliery

(Source: www.maloma.org/operations/geology.html)
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Arguments made by [4] stress that technology is a pivotal and long-run factor that influences
the productivity of mines, implying that underground mining has to take full advantage of
technological advancements and use innovative techniques in quest for better recovery of coal.
Optimization and co-ordination of input resources to lessen wastes and produce products that
meet market expectations has become a must in order to improve productivity [5]. Increasing
the level of mechanization through the use of high tech machinery and safeguarding its
optimal utilization, improving health and safety standards, having better work ethics and

discipline, can lead to vast improvement of the productivity of a mine.

In underground room and pillar mining, the pillars left behind to support the roof and prevent
its failure, can be recovered partly or fully in an operation referred to as retreat mining. Mine
safety and efficient recovery of reserves depends on designing sufficiently sized pillars that
will prevent pillar squeezes, excessive pillar spalling, severe floor heave, roof falls, and pillar
bumps [6]. The removal of these pillars ensures the increase in the overall recovery rate.
However, this operation requires a different approach of designing the pillars. Unlike most
widely used methods for coal pillar design to regulate pillar dimensions using pillar load
estimation only by the tributary area theory. A better approach that accounts for abutment
loads was proposed by [7]. This method is beneficial as it decreases the risk of pillar failure.
In this paper, we apply it to Maloma Colliery with the aim of determining optimum pillar
dimensions as we attempt to increase the recovery rate and production through retreat mining.
Some of the challenges affecting productivity at Maloma Colliery are also analyzed and dealt

with. Some of commonly proposed approaches to pillar design are shown in Table 2 [8].
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Table 2: Proposed empirical strength formula for coal pillars

Zern Edward Nathan Salamon and Munro
(1928) Greenwald (1941) (1967) Obert and Duvall (1967)
.. W W
Empirical Wi _ e _ o, 4 _ P
? r L
. ] : Cp is the compressive strength , Cyp is the
Cp is pillar strength, C, CP is the pillar strength. k Cp is the pillar strength, | compressive strengthof specimens having ratio
PP - is the strength of coal P - E B ? P P =
Remarks | = the coal strength, w, is sample, w, 1s the pillar ko~7.176 hl:.'a_: b, is d . . .
the pillar width and h, is width and h, is the pillar pillar height, w, is pillar | of — =1, dis the diameterof the specimen, h
the pillar width. height P width, «=-0.66, f=0.46 h
is the height of the specimen
. Strength is caleulated by Khz_{sto be eva.luated_b}' d
Limitations . N testing of specimen size —=1
unit cube of coal sample i
30 cm.
(Source: www.pubs.scie.pub.com)

Recovery rate

LaModel and the Analysis of Retreat Mining Pillar Stability (ARMPS) are widely used and
successful for designing safe retreat mining [9]. Bieniawski’s [7] proposed method in this
paper acknowledges pillars in the active mining zone (AMZ) as they are mostly exposed to
the maximum load and therefore their dimensions achieved through this proposed method are

better suited. This method is established on five fundamental principles:

i. Calculation of maximum load exerted on the pillars in the AMZ
ii. Determining the overall load-bearing capacity of the pillars
iii. Selecting a suitable safety factor
iv. Calculating pillar widths
v. Determining optimum pillar widths by correction of the pillar widths in (iv).
This method offers a 12-step guideline to obtaining optimum pillar dimension for retreat
mining that will ensure safety and improvement in the recovery rate. According to a report

[10] compiled for the U.S. Department of Energy, typical underground coal recovery rates
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through room and pillar without retreat mining range between 50-60%. Fig.2 shows the

summary of the 12-steps.

Gathering essential data

i

Calculating AMZ dimensions

2

Calculating development load

¥

Calculating the maximum front abutment load

Calculating side abutment load

Existing of side gob?

No [

Calculating the maximum load on AMZ
)

Determining number of entries
]
Calculating the load-bearing capacity of AMZ

]

Selecting an appropriate safety factor
3

Calculating pillar width

Pillar width to height ratio
less than four?

Selecting proper pillar width

Caleulating the width difference (4)

Increasing number of entries

a w: Pillar width

Yes B : Entry width

Calculating optimum pillar width

Fig.3: Flowchart for proposed coal pillars design method

(Source: E. Ghasemi, K. Shahriar/Safety Science 50, 2012)

The first step involves the gathering of data as displayed in Table 3. Calculations are then

derived from the data obtained (from Maloma Colliery). Equations corresponding to the next

steps in figure 3 are represented below table 3.
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Table 3: Essential mining data

Parameters Section 415 | Section 433
depth to floor H (m) 87 109.9

Entry width B (m) 6 6.20
Mining height h (m) 35 2.90

Pillar width w (m) 10 11.8

Safety factor 1.61 1.74
Extraction ratio (%) 60.94 57.02
Barrier pillar  Wg (m) 50 50

w/h ratio 2.90 5.40

Panel width P (m) 48 49.5

Step 2: Calculating AMZ dimensions
Lavz=P-B (1)
Wamz = 5VH )
Step 3: Calculating development load

DL ="H(P - B) x (5VH , * - mean unit weight of overburden (25KN/m?) 3

Step 4: Calculating the maximum front abutment load based on the abutment angle concept

and its distribution in panels.
FL= 0.97[(-L3AM2/24)(tan[3) + HL3amz/4] :Sub-critical panel 4)
FL = 0.9[(H* amz/2)(tanp) - (H*/3)(tanB)?] : super-critical panel (5)

Panels are either classified as sub-critical or super-critical based on width to depth ratio (P/H).
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Sub-critical panels: (P/H < 2tanp)

Super-critical panels: (P/H > 2tanf)

Step 5: Calculating the side abutment load. This step was adapted from (ARMPS help, 2008)

that accounts for side abutment loads between the AMZ and barrier pillars.

SL = [HWsa/2 — W2s/8(tanB)]* X Wamz X R, Wsg — side gob width (6)
S. = H%2(tanP)’ x Wamz x R ,R=[(9.3VH - (Wg + (B/2)))/9.3VH]  (7)
Step 6: Determining the maximum load on AMZ

DL+ F_+SL (8)

Step 7: choosing the number of entries is governed by the productivity of the mine.
According to [11], mines with a high production rate can have up to seven entries. The

minimum is requirement is 4; 1 intake, 2 outtakes, and 1 to accommodate the conveyor belt.
Step 8: Calculating the load bearing capacity of AMZ

Tic = (Np x Spx W?) x10°, (9)
Np = [Wamz/(w+B)] x (Ng— 1), Ne — number of entries (minimum 4, maximum 7) (10)

Step 9: the selection of the safety factor relies on the depth of the mine and Coal Mine Roof
Rating (CMRR). Maloma Colliery’s rating ranges from 40-60, hence this paper relies on the

pre-determined safety factors in the two production sections.
Step 10: determines the pillar width by using the safety factor, then solving the previous step
Tic=SFx M. (11)

Step 11: correction of pillar width to avoid pillar failure. A pillar width to height ratio greater
than four alleviates that risk. If the ratio is less than four, 0.5m is added to the pillar width

each time until an appropriate value is obtained.
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Step 12: The final calculations are based on the number of pillars and the panel width. If the

width difference is less than (w + B), then the optimum pillar width is given by;
Wo=w+A/Ne-1) (12), wp— optimum pillar width (12)
A=Lavz — [(W + B) X (NE — 1)] (13)

Otherwise, depending of the value of A, the number of entries is added and steps 8 to 12 are

repeated.

Productivity

Most underground coal mine face three major production shortcomings; poor pull per blast,
haul distance of load haul dumpers (LHDs), and roof bolting times. However, Maloma
Colliery only struggles with the movement of LHDs and roof bolting. The standard pull per
blast in coal mining is 1.5m, but the pull per blast here is 1.8m. All these parameters are
critical in underground coal mining operations. Table 4 represents mining parameters at

Maloma Colliery.

Table 4: Underground working parameters

Parameters

Pull per blast: 1.8m

Tonnage per blast:36

Number of blasts per shift: 13

Number of LHDs per section: 1

Haulage distance: 66m

LHD cycle: 4min

Number of KBCs (roof bolters) per section: 1

Bolting time per working face: 30min
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The results from the proposed method based on the essential data displayed in table 3 are

summarized in Table 5.

Table 5: Proposed method values

Parameter Section 415 Section 433
Lamz 42m 43.3m
Wawmz 46.6m 52.4m
D. 4.26x10°KN 6.24x10°KN
Fo 4.77x10° KN 8.00x10° KN
S 4.59x10* KN 7.20x10° KN
M, 4.77x10° KN 7.2x10° KN
Ne 7 7
Wp 9.1m 10.3m

Comparing the results from table 5 to results obtained through the Analysis of Retreat Mining
Pillar Stability (ARMPS) software which was specifically designed to simulate retreat mining
conditions, they are similar. Pillar dimensions that are obtainable without compromising
stability for section 415 are (9.1m x 9.1m) minimum and (10.0m x 10.0m) maximum. Section
433’s dimensions are (10.3m x 10.3m) minimum and a maximum of (11.8m x 111.8m). To
minimize the potential of severe hazards, the stability factor for both sections is 1.8 as

governed by safety regulations.

Meanwhile, table 6 shows the significant changes that could be implemented at Maloma to
improve productivity just by reducing the haul distance. For better efficiency, LHDs should

not exceed 18m haulage distance between the working face and the discharge loaders.
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Table 6: Time taken for different haulage distances (sec)

Parameter Current haul Haul distance of 50m | Haul distance of 33m
distance(66m)
Bucket loading 45 45 45
Movement to loader 150 113 75
Bucket discharge 30 30 30
Movement to working 90 68 45
face
One cycle of operation 315 256 195

Assuming a 12 cycle operation (1 hour);

Time (sec) 66m 50m 33m

Total coal loaded 3780 3072 2340

Saved 708 (12min) 1140 (19min)
Additional cycles 3 6

The data in table 6 shows that in one hour, productivity can increase from 12 cycles of
operation to 18 cycles, indicating a 50% improvement if the haulage distance were to be
reduced by half. The new reduced distance would be within the acceptable 18m haulage
distance per shift. The reduction of roof bolting would also yield similar results. However, if
coal production growth rate is slower than the improvement in tons per labor shift, that leads
to a decrease in the demand for manpower [12]. Mine productivity should be measured by

incorporating all resource factors that are applied in the production process.

Improved Recovery

Generally, the question of improving recovery from coal exploitation can be addressed via
three approaches that are considerably different, depending on whether one is tackling the

problem from a geological, an economic or technical perspective [13].
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I. Improving volumetric extraction: This approach is largely dependent on the thickness of
the coal seam. It is a technical approach that quizzes how the seam can be best worked
so to leave as little as possible behind. The available mining routines and mine design
methods play a pivotal role in this approach. Four (4) basic reviews are conducted,;
working method that yields the highest recovery, proper safety factors, production
planning, and embracing mining systems that are satisfactory for the ground
conditions.

I1. Improving economic extraction: It is indisputable that the economic viability of any mine
IS an important aspect the entire mining operation. Hence, costs can never be allowed
to be to such a point that the mine yields a substantial loss. Therefore, economic
extraction surpasses volumetric alterations that are dependent on technical
considerations. This approach relates to the costs of mining and market demand.

[11. Improving geologic extraction: Geological extraction factors are dependent on technical
and economic factor, but ultimately geologic extraction improvement is the one that
matters the most. Through this approach, the assumption is that technical and
economic factors have been maximized, and that the coal deposit is categorized as
workable reserves. Feasible mining and marketing methods have to be established.

With reference to Maloma Colliery, the goal is to improve the volumetric and geologic
extraction through evaluation of the suitability of the proposed pillar design method for retreat
mining. According to the results, partial recovery of the current pillars by trimming the pillars

is possible. However, the increase in recovery is not that significant.

CONCLUSION

The decline in coal mine productivity in Eswatini is a combination of various elements that
include lack of research and development, insufficient skilled labor, slow capital growth, and
aging machinery and equipment. The quality of labor is vital, especially when it comes to

pillar design and the safety of underground personnel. The proposed method in this paper,
375



2019 F iR kB B F 2 ¢

offers a slight improvement in the coal recovery rate. There is a 1.4% and 2.1% improvement
in sections 415 and 433 respectively. Increased production could potentially improve the

country’s exports and revive the ailing economy.
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Abstract

This paper presents the preliminary results of our study on slope instability investigation
using multi temporal data in the form of digital terrain models (DTMs) and orthophotos from
conventional photogrammetry and UAV photogrammetry. The focus study area is in Taitung
County, Haiduan Township along the Southern Cross-Island Highway number 20 with the
main focus section being the slopes on both sides of the river from Wulu Bridge to Lidao
Village. In this study we used aerial images between the years 1981 and 2016 obtained from
the Aerial Survey Office, Forest Bureau. From these images we, produced ortho photos and
digital terrain models. We also employed UAV photogrammetry to produce a high resolution
(5.17 cm) orthophoto and a DTM to help in investigating the evolution of the slope instability
and characterization. For the purpose of this presentation I will only discuss how the traffic
route has been altered through the years as a result of the slope instability along our corridor
of interest. In this paper the visual analysis of the orthophotos, profiles cut along the principal
sliding direction of the unstable slopes and DTM differencing are discussed as means of
investigating the slope instability evolution. Our data analysis, revealed the importance of
taking note of resolution during the course of DTM differencing, because the resolution of the
output is decided by the relatively low resolution data. Our preliminary results also revealed
the importance of higher resolution DTMs as we were able to track the smallest surface
changes between 2016 and 2018 using them. The results emphasize the importance of the use
of UAV photogrammetry in slope instability investigation. The experience gained in this
study can be very useful in future studies of slope instability investigations.

Key words: Digital Terrain Model (DTM), Orthophoto, Unmanned Aerial Vehicle
(UAV)
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Introduction

Landslides are natural disasters and are capable of having catastrophic impacts on human
beings. They can be in forms of mass wasting that include a wide range of ground movements,
such as rock falls, deep-seated slope failures, mudflows and debris flows. Slope failures are
controlled by both internal and external parameters. Among the internal parameters the
geometry of the slip surface and its spatial and temporal evolution have a huge impact, while
external parameters include rain, erosion, and earthquakes.

In order to monitor hazards from active slope failures and to understand the processes
involved, both spatial and temporal measurements such as displacement extents and changes
in the surface topography are required. For these, remote sensing has been an integral method
of landslide investigations for many decades, with several different techniques being used, [1].
Throughout the years remote sensing has been one of the vital source of 3-D terrain
information, which can be used to generate DTM data from aerial images through digital
photogrammetry. Most of the time it is employed in studies of landslide geomorphology. In
most cases, complete DTM data prior to the landslide event is not necessarily available
however, in a situation like this, historical aerial images can be used to generate DTMs
through digital aerial photogrammetry, [2].

Since the Aerial Survey Office, Forest Bureau (ASO), has conducted aerial photography for
Taiwan forests on a regular basis, then these can be obtained from them to produce
orthophotos and DTMs before the slope failure event for analysis. However before doing so
each photo had to be checked for defects, such as cloud content and the existence of fog to
ensure the image quality for subsequent processing because photos which are blurry, or have
fog, excessive shadows, or clouds are not usable. Although these images are useful, their
disadvantage is that they come at a pre-set resolution which is not high enough to allow for
the characterization of minor movements or surface variations in the slope and their
repeatability is not quite favourable for short time interval monitoring.

For better resolution and repeatability we then employed UAV photogrammetry which has
been popularly used in recent years for the purpose of producing high resolution orthophotos
and digital terrain models in landslide studies. The reason UAVs are gaining such popularity
when it comes to slope instability investigations is because of their ability to manoeuvre
difficult terrain, fly at lower altitude which in turn yields higher resolution, and their relatively
low cost of the mission [3]. So these use Structure-from Motion (SfM) software to construct a
3D model of the site using the images acquired by the UAV, from which an orthophoto and a
DTM can be extracted.

The Comparative analysis of the obtained DTMs and orthophotos, both from conventional
photogrammetry and UAV photogrammetry involved profiles comparison, visual analysis of
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the orthophotos and DTM differencing. All these permitted the detection of the evolution of
the landslides throughout the years and we hope with this technique we can also be able to
detect portions of the slope which are prone to failure and to evaluate the area and volume of
the involved masses. This study is aimed at investigating the slope instability using multi
temporal data in the form of digital terrain models (DTMs) and orthophotos from
conventional photogrammetry and UAV photogrammetry.

Study area and Data Acquisition

Study Area

Our study area is located in Taitung County, Haiduan Township and along the Southern
Cross-Island Highway number 20, from Wulu Bridge to Lidao Village. Originally, the
highway was built alongside the slope and later after a couple of collapses of the slope in
multiple locations between Wulu Bridge to Lidao Village some of the road sections we
destroyed and there was no more space to rebuild it. Therefore, Lidao tunnel and Bishan
tunnel were built to move the road section from the side of the slope into the slope. Our study
area is approximately 4 square kilometres.
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Figure 1. Map showing the geospatial location of our study area.
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Aerial photogrammetry
Conventional aerial photogrammetry
For the purpose of our research, which is to investigate the evolution of the landslides in our
study area, we made use of prehistoric aerial images obtained from the Aerial Survey Office
and Forest Bureau. These images were acquired using various aerial photography cameras
from seven different periods, with 1981 from RC10, 1997 and 2003 fromTop1, then 2008,
2010 and 2016 are from Digital Mapping Camera (DMC) and the one from 2018 is from UAV
photography. These aerial images were then used to generate three dimensional stereo models
and subsequently digitizing is performed for natural features such as rivers, lakes, vegetation
etc. and man-made features such as roads, buildings, bridges etc., [4]. The 3D stereo models
orthophotos and digital terrain models before and after the landslides occurred were generated
for further analysis to aid in the investigation of the slope instability in our study area. The
periods used for this study are 1981, 1997, 2003, 2008, 2010, and 2016 which all came with
varying ground sample distance from 30 cm to 80 cm and the ones from DMC had a standard
GSD of 25 cm.

UAV photogrammetry
Image acquisition was manual since parts of our site had network problems, which limited the
use of autopilot and automatic image acquisition. Flight planning was also done on site to

1-[ Set GCPs on terrain ]

Acquisition of image

. dataset with UAV

Import images and
geo-information

~ ' ™
A Higt
4. Align [ ccuracy: High

Pair preselection : Reference

\ I’ A
5 Import GCPs
coordinates
N i N
c Fit I kl, k2, k3, & 3
] 6. Optimize cameras ik, o, cy, k1, k2, k3, aspect,
] skew, pl, p2
= \ J J
-
o [ Quality: High
uality: Hig
& 7. Build Dense Cloud
] Depth Rltering: Agressive
= L. r
': l" ™ ™
- Surface type: Height feld
8. Build Mesh Source data: Dense could
\ J L Face count: High )
'S N ~
Mapping mode : Orthophoto
9. Build Texture Blending mode: Mosaic
L ) Texture sizefcount: 4096 )

DSM + Orthophoto
Beneration
. A

Figure 2. Workflow used for the UAV DTM and orthophoto generation.
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identify perfect take off locations since the terrain of our site is a bit challenging. A total of
2400 images were taken and out of those 1921 were used to reconstruct the 3D model of our
study area. The images were taken at an altitude of approximately 188m with 80% overlap on
the forward direction and 60% overlap on the lateral. For georeferencing our model ground
points were measured using the Hi-Target GNSS RTK Receiver which uses a smartphone as a
PDA and the system we used was DGPS. On another period of our study we also used the
Leica GPS1200 GNSS System in which we used the RTK mode for measuring the precise
location of our GCPs. We had a total of 48 GCPs spread around our study area. After
acquiring the images, they were then processed using Agisoft PhotoScan and the workflow is
illustrated in figure 2 which was adapted from [5].

Figure 3. Three dimensional (3D) stereo model generated from conventional
photogrammetry a) 1981, b) 2008 and c¢) from UAV photogrammetry.
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Results and discussion

Three dimensional stereomodel and Orthophoto

After acquiring the aerial images they were processed using commercial software packages to
generate 3D stereo models. From these, we generated orthophotos and DTMs, the results for
the 3D stereo models can be seen in figure 3. From the visual analysis of these 3D models, in
figure 3. a) multiple surface detarchments can be seen which are evident to the slope
intsability. In figure 3 b) the colapsed slope can be seen with another head scarp developing
with a detached land mass which is also evident to the continued evolution of the slope
instabitity.

cameras from six periods of our study area a) 1981, b) 1997, ¢) 2003, d) 2008, €) 2016 and f)
2018.

Figure 3c. shows the continued propagation of the landslide throughout the years to 2018 as
we can see the extent of the landslide in the UAV generated 3D stereo model. From the 3D
stereo model orthophotos and digital terrain models were then generated and the results are
shown in Figure 4.For the UAV mission we had an average flying altitude of 188 m which
yielded a ground sample distance of 5.17 cm and the total area covered by our mission was
4.24 square kilometres. We had a total of 10° projections with a projection error of 0.5 pixels.
For georeferencing our model we used a total of 27 ground control points and the overall GCP
root mean square error (RSME) was 40cm, table 1.

Count | X error (cm) | Y error (cm) | Z error (¢cm) | XY error (cm) | Total (cm)
27 16.5959 22.9057 28.6369 28.2859 40.2513

Table1 Control points RMSE.
X - Easting, Y - Northing, Z - Altitude.
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The comparison was performed using both the orthophotos resulting from the
photogrammetric process and DTMs derived from the point clouds. The DTMs were
compared to detect any morphological change between the seven periods over the years,
permitting to characterize the landslide and, in addition, to precisely point out
geomorphological features of landslide-prone areas on the slope, [6].

Lidao Bridge and Bishan Tunnel

From the visual analysis of these ortho-photos we can tell that as a result of the unstable slope
on both sides of the river, the course of the traffic route has been altered several times from
Waulu bridge to Lidao tunnel. If we take a look near Lidao bridge, on the lower side of the
valley in figure 5a, we can see the original course of the road without the tunnel but a minor
collapse can be seen on the slope just after the bridge.This caused the alteration of the traffic
route from the side of the slope to inside the slope in a form of a tunnel (Bishan Tunnel)
which can be seen in figure 5b.

Figure 5. Showing the alteration of the traffic route over the years around Lidao Bridge
and Bishan tunnel. These are orthophotos from, a) 1981, b) 1997, c¢) 2003, d) 2008, e) 2010, f)
2018.

Then between 1997 and 2003 there was another huge collapse on the slope with Bishan
Tunnel and the debris flew on two directions one just a bit upstream from Lidao bridge
daming the river, and one on the other side of the bridge. At this time they had already
constructed another bridge which was a bit higher than the older one which can be seen in
figure 5c. Figure 5d, shows a minor surface rapture on the slope adjacent to Lidao Bridge just
below Lidao Village, which is evident to the slope instability and as we track that further to

2010 in figure 5e a total collapse of that slope can be observed and the bridge was totally
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washed away during the collapse of this slope which can also be seen in figure 5e. The
magnitude of that slide can be seen in figure 6 which is the comparison of the surface change
between 2008 and 2010 in a form of a profile cut along the main sliding direction. From this
profiles we can only see the depletion zones only without acummulation zones because of the
river so all the debris material was washed downstream by the river. After this slope failure
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Figure 6. Profile B-B’ cut along the sliding direction of the collapsed slope near
Lidao Bridge showing surface variation between years a) 2008 and 2010, b) 2016 and
2018.
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they then built another bridge and changed its course away from the slope to prevent another
collapse of the bridge in case of another failure of the adjacent slope. This can be see in figure
5f which is a UAV generated orthophoto and the images were taken in 2018.

Lidao Tunnel slope evolution

The traffic route was also altered on another section which is the main landslide area after
Lidao bridge as a result of the slope instability. Figure 4a shows the traffic route on the side of
the slope and just above the road multiple surface detachments can be seen, which are evident
to slope movement. In figure 4b a partial collapse of the slope can be seen which destroyed
about 350m of the road section. This led to the alteration of the the traffic route from the side
of the slope to go through the slope (Lidao tunnel). Between 1997 and 2003 there was another
massive callapse of the slope in which the debris dammed the river just below the slope as
shown in figure 4c with the blue color of the water. The river continued to undercut the slope
gradually until all the debris was washed away between the years 2003 and 2008 and leaving

\
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Figure 7. Profile A-A’ cut along the main sliding direction of the slope failure where
Lidao Tunnel is, showing the surface change of the slope. a) Shows the comparison of the
surface variation between year 1981 and 1997, b) 1997 and 2003, c) 2003 and 2008, d) 2008

and 2016.
415



2019 F iR TR B 5 AT €

the loose material on the crown of the landslide without any support and prone to reactivation.
When looking at the surface change from 1981 to 2018 we can tell that the lower part of the
slope failed first. This can be seen in figure 7a and 7b which shows the surface change
between 1981 and1997, 1997 and 2003 showing the depletion zone in the lower half of the
slope. In figure 7c which is the surface change between year 2003 and 2008not much change
can be observed on the sliding direction of the slope but the depletion of the accumulted
material on the river can be observed.
Figure 7d shows the surface change between 2008 and 2016, we can see the depletion zone in
the upper half of the slope however in the lower half there isn’t that much activity. This is
evident that the upper half of the slope was left vulnerable without support after the lower half
material had been depleted. So between the years 2008 and 2018 the landslide has been
reactivated a number of times as we can see from the profiles cut along the main sliding
direction of the slope. We can also note that this slope is steeper, around 40°, so we do not
have the conventional depletion zones and accumulation zones, everything slides down the
toe of the landslide where there is a river and is finally washed downstream. In figure 8. we
can still see a minor surface change between 2016 and 2018. This was made possible by the
UAV generated DTM which had a higher resolution.

800 —\'\\\

700 T T T T T

Elevation (M)

Lidao Tunnel slope A-A'
2016
2018

Figure 8. Profile A-A’ depicting the surface change between 2016 and 2018.
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DTM differencing

DTM differencing is a procedure which shows vertical topographic changes on one
geographic point, during a defined time interval [7]. In this study we focused on the
topographic variations between 2008 and 2016, then 2016 and 2018 in our study area. From
the results of this process a positive value corresponds to an accumulation of materials, a
negative one, to depletion and a null one to transfer or to stability. Figure 9 shows the
topographic variation between 2008 and 2016 where the two DTMs were subtracted and we
can see that these results also confirms the results obtained by comparing the profiles A-A
and B-B’ in the period 2008-2016. We can clearly see the depletion zones (the brown colour),
from the two areas where both profiles are located. Also if we look at the river bed we can see
that it gained some material and this is because all the depleted material from adjacent sloped
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Figure 9. Results of DTM differencing depicting the topographic variation

between 2008 and 2016 and the location of profiles A-A’ and B-B’.
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along the river slides in to the river where some is washed downstream and some remains in
the river, thus the riverbed has gained material.
In figure 10, the difference between 2016 and 2018 the UAV generated DTM we can confirm
the sliding surface, with the brown colour denoting a depletion zone from our legend, of the
slope opposite the slope with Lidoa Tunnel. We can also tell that during this period nothing
much has happened on the slope with section BB’ since we have the null value colour
denoting 0 surface change in that area. But when looking at the slope with section AA’ the
results of the DTM differencing do not agree with the surface change profile results of this
area figure 8. This is because of the difference in resolution, the UAV generated DTM has a
higher resolution than the DMC generated DTM. When comparing two DTMs of different
resolutions the resolution of the output is decided by the relatively low resolution data, [8]. So
the surface change was minor to be visible in the resolution of the DMC generated DTM.
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Conclusions

This study revealed that multi temporal orthophotos and DTMs from different
photogrammetric sources can be effectively applied in characterizing and tracking the
evolution landslides. Multi-temporal DTMs were used to conduct topographic variation
analysis of our study area, whose results contributed to the landslide mechanism analysis. The
resolution of our DTMs and orthophotos also had a significant influence on the results of
visual and topographic variation analysis. We also incorporated the use of UAV
photogrammetry to produce a high resolution (5.17 cm) orthophoto and a DTM to help in
investigating the evolution of the slope instability and characterization which facilitated the
detection of minor surface movements on the slope which would have been otherwise
impossible with a lower resolution DTM. The DTM differencing technique also supported the
results from the topographic variation using profiles cut along the main sliding direction of
the landslides by showing the depletion and accumulation zones. For future work the accuracy
of the generated 3D stereo models will be investigated to validate their products’ use in
landslide mechanism analysis.
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LB 3% M4 4 P (Non-destructive surveylng)— ErAMERAREERY CFH LG G
Ao PeiE o snd i E 2 iREL > @ % § i (Ground-penetrating radar, GPR) 5 ZLmk 3k Hfﬁ
Bl 22— > HRIEE R KRR (Reflectlon seismic method)&\;z o gbm A m@/}i%ﬁ

ol
=

d 3 SErk b2 34 T2 (80-1200 MHZ)iE » b+ 2 2 3 R A H G § F T BB F b2
Pl FERE TR Z B EPEE *P?{ f*é"fg RS RER  REZRIEFRT
RERBA Y L3R BRI PIEL LA KB LER T

F* o R P AFR 2 52 > 0 F R g 2 (Resistivity Image Profiling method, RIP
method),ywd—l;qﬂ}:ﬁ ,‘%_%%r‘:%'r/'%?‘]\iﬁjéf? /,,\fr'p’df’\#l"'ﬁrﬁﬁ@\— 14
S

FRdsplEs TRIEFOLSGE) > BE F e p’%ﬁ"’t’ﬁgw’uz‘?f"&mz’ i en
AR RBRFITEFOIRLBEERINRDTESISGH T ELRBER T
Mo N EX B RIT A E&%.;“w.f‘:ﬁﬁffé]’-l_lﬁ{???- VIR «é-“:‘f-’]f]?(’_a\'od"‘l
P28 8r kel k> B3R 2 T2 2 PEAZDREFDA SRR
AT NIRRT A A AR 2 G e

2.1 # ¥ § i (Ground Penetrating Radar, GPR )

MG R 13% T i ERGSS o7 SIRSYSTEM 2000 = 47 % 5 400
MHz - = ﬁﬁl.ﬁf’_u R E AE T EREI A AP WA R B 5 R g R R
otk rﬂéﬁ»]’z BRACKR BB TR ffmﬂ&s‘ii Hf& e o g dRiTiE k> SR 3
%%iki’ﬁ* =t (SIN ratio) & u,sf-:}*zﬁ (trace) ¥ d 3 € RP HPFR Itz € 605 %

SEE M RBE L FER TR ELE £ 0 F]M “f%ﬁaﬁ'l'bi;’\f&%% o X FRGARPIFEIT
PR o b Bt B R ETIRE R R > W FALBI R A E B T A B o

211 B F it

TG PR BT B i h T B3 PIEESEET N (21) S5 (22)

FoT
E, = E,el ™ (21)
H, = Hye ™ (2.2)
H 45 %A f it i (Wave number) # 12 5% (2.3) %77 ¢
k=w y(s+_£j =f-ja
Jo (2.3)
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A g

X
o &4 5 (Angular frequency)

o %7 & (Electric conductivity )

2o

e % %% (Electric permittivity )

u: E¥%F (Magnetic Permeability )

HBRpE Y dkas st (23) ¢ chjldicz m#t s @ RER Himﬁ)i”r'i’-/ﬁﬂtmﬁ' £ S
AR G At (24) o P VI LR ER e T BTG o B ai B k2
T ¥ B Bk

V=0/B (2.4)

21.2M4F 42 A

GPRE A MAFH A H Y » 4 ¢ @RS o AERTRAE R RBRFL AT -
B R FEBTARRRANBETIARROFRT > RTBEAERZ R T
SRR SCEOR RPN 0 A A 4 ] LR et (25)

M:£<<l (25)
| D| we

(1) A ersd R M

TR AT A TP A S 10~1000 MHZRY 2 & B 4est (26) 0 2 ¥ K

Uxs , . sy g v 2 > (4 D »
WHTFF Cokd - K== (gapd 2T HF)°
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V=—_ (2.6)

VK

PR G- KO A TG R TERATOU KT SR
ERFAAFTY TRETROAFP TR ZFFLOGEF L BULAFEIFFE
Flot GPR fif 4 (T S B4 R A AT R AT

(2) #p e %5 % b 2

- TR R Gt (27) A7 B Kijpga 5% *’L'Ef?"ﬁ:ﬁ 3R F
A% BAEF R0 100 MHZ 5> % 8 F B Ak e A8 -

O
a=1.60— (2.7)
JK

(3) fat5a # 25 Fa 4

TR G AR BRI 4 0 R L ARG A2 - K BE
Lo T B E AE  BAE R R R AR 0 8 TR Tt TE TR
)\E/T?_,Iﬁ/ﬁ» /\’Fﬁ@% -FAF%F'&—LW’rgﬁme%*uﬁgf-/ﬁk,l;‘]ﬁL,i{i,m,gTL%{ ”:F'T
B 3 d AR S FIPLGPRA R M P SR F ez A2 - R AR d BV Ao
GPREMFAITHL 4 148 B2 seif S ot enl o HHE S 3 RIDRGL LR U] &
ﬁﬂﬁﬁ%?4$;ﬁimwﬁ°?@ﬂ*ﬁ$@$’ﬂ%%%&%§4*’ﬁﬁM%
R £ ST o F B AT nie Y e fRITR o R ARE R T TS IRA 0 L R AT R
ST BIRA R PR AR R P PR R A

(4) F iz

FREAY ATARN A FB ARG 2 F s8R (Reflection coefficient) » 2 &
'lir'i\?(z.S)'—""i‘fF » 2o K, #?Aﬁv#gé—}g‘:z} K, #’”?Bf‘f”#ﬁf‘]‘?;ﬂ AT D
B i b 4 TR R MELFE IR A 0 F AT RPN Y o

oo VK -VKy
IR K,

(2.8)

2.1.3%F # % jp > 3
ﬁy?ﬁﬁﬂl/%%d%ﬁéﬁﬁ*ﬁiwﬁ+¢5mm43mm@»1%%

‘fﬁ’?ﬁ}]\ )%‘&’T:”?J@/ﬁ»q\ ’ Y= %] Y ""f#g}f'7 @ , T# | ‘LH 4 ?‘r 3R
] R ] @‘E‘ﬁ%\ii?@,ﬁ%ﬁ&_*q_»]{,E};?},Tbts;}-_q_,]{ TRALE AL
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(h)
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] qlq

\aas A #7.

M A E R

EfEE AT

Bl 1. (a)GPR ¥ *t 5 p|57 L. B (D)T A B2 I A F A2 F S L2 PFRF 5N 4%

B RE FEmTEd -HTHw (T C ¥ Cy) &
> A é?,i%o%g@ WAL I T -7 (2P 2 P,) BREEHT =L
TG I ARTEFFE RIS TR E LR T

Tt CI CiE » T Rt P PR RT A E BT AM BN

_ﬂ 1 B 1 B 1 B 1 2.9)
2z \C,R  C,R CP, GC,R .

FF AV R EER T f*é;‘p:é AT red s 53 » ¥ T hg inag B o CPy o
CoP1~CiPy ~ CoPy 5 R iR & 4R chjEHE - 54 (2.9)F 22§ 4034 (2.10)

p=K ¥ (2.10)
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#¢ (21002 K

K = 27 (2.11)

(ccn)lenen)]

¢ NRIDK A E M e F1F (geometry factor) > &2 TiEApHI A= E § M o

SRR T R R - R
= Rk 2 iﬂ%‘r’%‘” et d 3 (2.12)3 & dep
resistivity ) -

?};ﬁ'u&/?%fr’ fe w2t ’i"‘_‘i{:']ﬁ{%@i 3
I TATrEF, p, ( apparent

p, = K= (2.12)

MREFEF T AARTARE 2R HRIES 5 LA7 AHBTERE LT -
FARPRER SR TRFE L DB S 0 g F BRIRR L T - I
SRR S RS TRAS ) T AR T R GTEE S RS
LIS R BRI M B B A RER D R R

RS R T R BT ER A 2 DA R T
18 2 R A ] 2.) 0 IR R T RS RIS R 5 B iR e
Bt Febaiei-d Y - mE TRk Co ¥ - AT iR P BT Re o
e 2RIT A& -

5 b g p Pl R ARAe B B 2.(0) 0 AARRI R - FEMR P U E R EESE §
AR mATL CoRIRES PL T gE L Y H iR T

ﬁu—:a&ﬁiuéli&qim&»ﬁ 2+ %34 5 N+1 & 3% =t
m?&ﬁ’ﬁﬂu&‘ $1ATHmE CLTintea d ¥ m Rk kg o
HHZ CRFAUF2LTRICT OB F3L B 4L % N+2 & %=

&lecﬁ_&m_ﬁ?uﬁﬁ%1$21§ﬁééCﬁ@ﬂﬁiﬂﬁﬁﬁym*%ﬂﬁﬂ

HF= PP RE R CE PR EA RIEEBIG anis o N LS FRIDR
o NAR < plEARFE > F N ZFRIER | 3 T HREE -

Wbl Bhrt R WEE I Lo ALY RIBT ] o 2T LR A F Aol Fodp
i F AL S B & #E R (Image Profiling) o BEAREE )% 472 B e A5 L)
TP A RIET MR H T s P o 12 P& 4 5 P pE R e % (Griffith and
Barker » 1993) -

TIEF B0 P2 B T A B ] l»\#f&r’FEIZ(b% o3t AR E T ek
2R o oA g o £ OBIAR R FEF FE 2w ( measured apparent reS|stivity
pseudosection) P FIURRRGAR R - B ETIEF AT o TIEFRI e FR[2Z T
fRfRr - midei: o BinfREARS 2 EF @ * 4 T £ 2 (Finite element method ) #

484



2019 F R kB B ATt 6
g:n’,ﬁ_#ﬂ @R EART S e (calculated apparent resistivity pseudosection )
Woge r T ,-5* T4 & -] T > ;2 (smoothness-constrained least-squares method ) ( Loke,
1998) AR £ %i FaE R R I AR I W) "f KT R WA T (T ’1; T 12 I
T IR F TS AR FTE D SRt AT A @ fEE 5 (model

resistivity W|th topography) -

‘ T RN FHEEREERET RN e kR
—ﬁaﬁmam@,é@?mﬁiwﬁmﬁﬁ,éww&mﬁmoﬂ%%ﬂ *ﬁﬂﬁ
PR Rl kR kA LT RPN A hT RS N ()R 2
7 (Wenner Array) ~ (2) 1=+ 7| (Pole-Pole Array, Pole-Dipole Array) ~ (3) 8 & &£t 7
(Dipole-Dipple Array) & -

— A T R FEIRTEY R ETE RS RED RS BRI PR
EAIRES 3 o Rt I I E L f@i?rf&“*}é]ﬁ}’*ﬁ/? EE:" B RIFFIR UK ERL T F R
R E AR P R R R Y T CREE)

m .
PR 6 AL E Sl R AL 4 - AR

PREREHE e 2 Iﬁaii?%w BIFeE 2R BIRRIZSE D R F - B TN AR Y
51 lﬁxm’f@; ’1{«9:/\-1” réﬁi’ﬁ‘fé&%%&iu”’ﬁiiiE'Jf&‘_%'Jﬁi_‘ i%&%*i"é’i'ﬁ*
A f’r’i L5- TV 4|k PE “f fo i PlAod-B PlIFeD izl b d ML PIAR D e P BR g
% - i¥¢ﬁ@ PR LS IR ER TEFTEE § 3 SRR RSy
1 e -
(a) —— > 10N/ MoON e > 10N ————»
Alternative DC
power supply
C, | C, P, ") P>
o) ¢, Pl P PSP
} fIZ 6 7| 8 M1
"\\\ /,/," T T 1 ;_ lﬂl
Q\
b% C, : current electrode
P7 : potential electrode
C, P} P? PS¢
12 3 7 8 -1 W
) “Q’A
‘*ﬁ N —— in measuring

——————— finished measuring

PER 7 «? THB@CLPLERIZT IR CP %Y % 2 (D)
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ool S e B e > B3R T BRI RIS R KA 4T o

AEAFRTAGRZFEER ST BN LR ERE 72 32
2 BEFL2manid k> AT 2 THRLEANEZI P 5 4rB 3o
RS 14

3.2 A AE]

BHERE  9RTA2M FAEAHLIEM L EARZM: Eddw o d dw i o
Wﬁﬁ23m’9W%ﬁﬁﬂ%’®£%%¢ @ ff L2 8em(2) PVC i ik 4 (& k)
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ZAHERAEEH ’ﬁmfﬂ~4g_58cma 2 wERI LY B4

Fay > RG- 18 mo X HAFF 400 MHz > F» FERRE» T2 e BT
P2 0 TR EE0.5-1m 2 jplaR o

33B¥ TEWRES

SHTEL FHTEANEOEE T ATRA LT R AT VAL F SR

s EME B ISR A4 R LB IR AT R T ke
P 7 RN LB S L B R R R TR R
R0 L i A -

R3] e 0 o 5 AT ¢ (U kTHE 75m A iEA LM & b5 5|2 EE > d|Ee
B2 A S QKT 10 m AL JBA 15 m F Sl E o K ¥T L g 2
PVC z g rkda » Q) kT4 12m > FR 1.5m F 535 55050 » 2475
AR (F k) (A) kTR 15 ma FAR 15 mF SfEdsamEl > HEr i k2 PVC
R (EK) s B)RT 4R 175 m e iFR L5 m F bf5g 7B > K| 4T {i;;{’g[ % 5
#rd PVC # (3 k) > (B)k T45¢ 195 m - iR 15 m & bfss ueh » 2478283 #
€5 Fred PVC # (k) (7) kT4 225m A iF & 15m & 535 738 » 24143
REEL1EERE R -

T
5
&7‘
(xx.
o)
<
@)

HRIBIE YT R R R SEELA B G (1) R 3 R = (3) PVC
A5 k) (B) 5%+ PVC (5 k) (N L+t & F &£ S0 BTsush  2]865 Fabdsin
PREBMTS ¢k TEIREEHE I T AR DI LS G 0 AT LB L
=%
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34 8 7R E R RS
341 % % ;}% 7| pES

MAPFE2 TREXG 4B 60 Fa e d 0 THREE LM T B 32
RMS=1.96% » £ 3L - 52 O-L5 m k= ff 17 MRk 422 4HH 0 (A
K)o RIS 5 45-T5Q-m> ML BB RS S v 2 FREN T HEF S
Fa gk e ApI(BA) TreF 5 105-135 Q-m > HEFL B R 4 mrwg, ug
PR R o FA 15-319 mks T S AL PER 2 2 A (C ) RiLF 5 200-1285
Q-m > H|%rH ‘E.’%\'ﬁ»f:‘»”‘j?(% °

3.4.2 Pole-Pole Array #1&$ 7172 (1 m)

Bz agpEF e > B 7 Fd vl REFIE 1M 2B 32
RMS=2.8%> &£ 31mei® A& 0-15m-~-R T2 17T m b T 2253 7 RI(AK)>
TIEFZA45-75Q-m e B i ffuafieviiz 2 TR FHEZF 52 7
ko KRB &) TreF 5 105-135 Q-m HET s BRCEHFEF B v 2 FRY
F oA 15-394Am i HRyT > AXEH2 B ECE) T rEs 5 200-1000 Q-m
HETH AR LR o

3.4.3 Pole-Pole Array &+t 712 (0.5 m)

s T rede o ol 8> Fd vk THEREE 05 My $EBHE 32
RMS=1.13% > 3% & 155me;F /& 0-1.5m~ -k T4 15m A&E T2 @ 44 > & B)(A
é]) T P& 5 45-75 Q—m > X %1 5 BHxifmafiswimz 4 ’Fﬁﬁ’*%ﬁj/\’;rﬁ‘;/}? 5
T gk ARI(BA) T 5 105200 Q-m o Mg B SRS S HE 2 4
FBF o FR 15599 mAL ST S AL PR #A(CA) TR 5 200-1285
Q-m H|érH 2 Ak ZRD o

3.4.4 Pole-Dipole Array 71| ;=

Pole-Dipole Array £: 712 enT % 2w o 4rBl 90 5o » L » TFFEIM 2 1&F
# 32> RMS=2.6% > & 31lm- ;®& 0-1.5m~ kT4 = 17m Ak ;&%rm@fﬁ v &
RIA &) > TreF 4 45-75 Q—m P HETS BRI R A5 R 47':9‘?*&;5— 2R T H
Frrva sk Lp(B &) IS 5 105-200 Q-m > 4] Mz*xﬂ;caiws
2. 2 FEREY o FAR 15319 m E@ FRpPT AL DEH 2
200-1285 Q-m > HdrH B A E R B o

3.45 Dipole-Dipole Array £ 712
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