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ABSTRACT

Landslides are one of the most common hazards in open pit mines. The occurrence of a landslide
affects both the safety and economy of the pits. By understanding the movement mechanism of
the slopes, preventative safety studies can be undertaken. The determination of the orientation of
a landslide is the most important step to understand the movement mechanism in open pit mines.
The dip and the dip direction of a slope give significant information about the orientation of
a landslide, traditionally measured by compass. This study presents an approach to determine the
landslide movement orientation and slope deformation rate by using a 3D terrestrial laser
scanner. A landslide on the north-east of the Simav open pit where is located at the west region
of Turkey, known as the Kucuk Hill landslide, was examined as a case study. The orientation of
the slopes was found and contour graphs were drawn. Then, stereographic projection results
showed the orientation of the landslide. On the other hand, a monitoring scenario was revealed

and the deformations on the pit benches were determined.

1. INTRODUCTION

Landslides are a ground movement phenomenon
and include debris or earth slipping down a slope,
rock falls, or failure of slopes under the influence of
gravity. Natural causes and mining activities can both
cause instability in open pit mines (Werner and
Friedman, 2009).

Presently, various monitoring techniques are
available to predict landslide risks and to detect the
slope failures (Lynn and Bobrowsky, 2008).
Inclinometers, piezometers and extensometers are
well-known geotechnical instruments which have
been using for landslide monitoring. Usually, these
systems need cable based communication between the
instruments applied on slope and a computer (Singer
and Thuro, 2006). However, geotechnical monitoring
instruments with cable have some disadvantages such
as, high operation cost, the limited distance for
communication and frequent maintenance requirement
(Garcia et al, 2010). Remote sensing is a viable
alternative technology to overcome these limitations.

Currently, many remote sensing technologies are
currently available to evaluate slope stability and
monitor slopes for landslide hazards. These
technologies can be classified into three groups. The
first group includes the visual interpretation of
stereoscopic aerial photographs by employing the
characteristics of optical remote sensing. Many
researchers (Chandler and Cooper, 1989; Chandler
and Moore, 1989: Chandler and Brunsden, 1995;
Soeters and Van Westen, 1996; Mantovani et al.,

1996; Baum et al., 1998; Parise, 2003; Van Westen
and Getahun, 2003; Walstra et al., 2007; Kasperski et
al., 2010a; Yeh et. al., 2011; Guerriero et al., 2013;
Fernandez, et al., 2015; Peppa et al, 2016) have
carried out aerial photography based studies to
understand the evolution of landslides.

Another remote sensing technology that can be
used for surface monitoring is real-time kinematic
(RTK) global positioning system (GPS) technique.
The researchers who used GPS for monitoring
landslides reported that they reached highly accurate
results in their surface monitoring studies. (Josep et
al., 2000; Gili et al., 2000; Malet et. al., 2002; Coe et
al., 2003; Squarzoni et al., 2005; Peyret et al., 2008;
Rawat et al., 2011; Wang, 2011; Guerriero et.al.,
2016; Guerriero et.al., 2017; Mirzaee et. al., 2017;
Guerriero et.al., 2018).

The latest remote sensing technique used for
monitoring landslides are analysing of innovative
remote sensing products, such as synthetic aperture
radar images, high-spatial-resolution multispectral
images, digital elevation models (DEMs) obtained
from space or airborne sensors (Guzzetti et al., 2000;
Metternicht et al., 2005; Colesanti and Wasowski,
2006; Ardizzone et al., 2007; Cascini et al., 2009;
Cascini et al., 2013; Tantianuparp et al., 2013; Tang et
al., 2015; Huang et al., 2017), very-high-resolution
satellite images (Nichol and Wong, 2005; Stumpf and
Kerle, 2011; Ozdogan and Deliormanli, 2016; Stumpf
et at,, 2017) and laser scanners (Light Detection of
Ranging system - LiDAR).
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In recent years, LiDAR techniques have been
applied to monitor landslide areas. The application of
LiDAR techniques in geodesic measurements is
relatively new; however, it has been progressing
rapidly.There are two LiDAR techniques that have
been developed, differing through the position of the
equipment employed. These techniques are airborne-
based, Airborne Laser Scanning (ALS) and ground-
based, Terrestrial Laser Scanning (TLS). The data
obtained from ALS and TLS are called point clouds.

Up to now, an increasing number of studies have
been published that discuss the use of LiDAR in
landslide studies. These studies are common concern
with monitoring, modelling and mapping of landslides
(Derron and Jaboyedoff, 2010). Some researchers
carried out LiDAR for the characterization and
monitoring of landslides outside risk mapping.
However, TLS provides high precision data for
modelling the study area, especially when the
topography of the study area is complex and poor
DEM is available (Rowlands et al., 2003; Corsini et
al., 2009; Dunning et al., 2009; Jaboyedoff et al.,
2009a; Jaboyedoff et al., 2009b; Jaboyedoff et al.,
2010).

In this study, landslide detection and
characterization using terrestrial 3D laser scanning are
presented for an open pit mine. Specifically, the
concept of the research is to calculate the orientation
of a landslide using the three-point problem together
with point-cloud data obtained from TLS. Three
points that were not collinear or close to being
collinear on slope faces were selected to be calculated
for the orientation of a landslide. The orientation of
the slope faces was calculated using the Cramer’s
Rule method based on the three-point problem.
Calculated orientations were analysed on the stereonet
as a dip and dip direction. The direction of the
landslide was determined using the results of this
analysis. This method can be used effectively to
determine the orientation of landslide movement in
mining areas in a short time. In addition, monitoring
of slope movements by a cloud comparison method
was performed. Furthermore, a 2D slope stability
analysis was carried out for the open pit mine and
production plan of the pit was revised based on the
orientation of the landslide obtain from TLS
measurements.

2. STUDY SITE

Simav open pit mine in Bigadic was used for the
case study. Bigadic is located in the west of Turkey.
The study area is an important and well-known site
for borate production in Turkey. The Bigadic borates
were formed in two different zones separated by
a thick tuff unit, elongated in a northeast-southwest
direction. The basin is limited on the east and west by
extensive volcanic and on the northwest by the
basement complex. Neogene sediments of the Bigadic
volcano-sedimentary  basin were deposited in
anumber of individual or interconnected basins
bordered by extensive outcrops of basement rocks. In

addition, these basins trend northeast-southwest and
they may have been formed at the beginning of the
Neogene.

The lateral variation in the thickness of the
Neogene sediments probably reflects deposition either
in separate perennial lakes or in an interconnected
chain of lakes. The sediments, including the borate
deposits, have been moderately folded and faulted.
The total thickness of the Neogene sequence exceeds
1,200 m. The lower and upper borate zones vary in
thickness between 35 to 130 and 20 to 110 m,
respectively as shown in Figure 1 (Helvaci, 1995).

All the stress cracks, faults and other
discontinuities in the landslide area were studied on
the map of engineering geology in Figure 2. Faults
with small and large pulses in different characters
were mapped in the study area. The F1, F2, F9 and
F10 faults F1, F2, F3 and F4 are parallel /
approximately parallel to each other in the direction of
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Fig. 2 Landslide zones in Simav open pit mine area.
Table 1 The orientations of discontinuities in open pit mine.

Dip Dip Direction Type Dip Dip Direction Type
70 147 Fault 1 65 232 Joint set 1
68 337 Fault 2 38 255 Joint set 2
45 311 Fault 3 70 215 Joint set 3
71 322 Fault 4 10 53 Joint set 4
62 265 Fault 5 26 127 Joint set 5
78 55 Fault 6 89 280 Joint set 6
90 229 Fault 7 20 120 Joint set 7
65 234 Fault 8 43 180 Joint set 8
60 132 Fault 9 58 140 Joint set 9
67 145 Fault 10

the open pit in the direction of SW-NE. F5, F6, F7,
F8, F9 and F10 faults are similar to the F1-4 faults and
parallel to each other in the direction of NW-SE
direction parallel to the open pit mine (Fig. 2). The
average orientation of discontinuities in the area is
tabulated in Table 1.

In the field, the mining operation method is an
open pit. Open pit operations include drilling,
blasting, and excavation activities. The overall wall
slope angle of the open pit mine is 20° with an inter-
ramp slope angle of about 25° and a bench height of
10 m. The production direction is north-east and ten
fault zones are observed in the study area. Figure 2
gives the landslide map of Simav open pit mine. Four
landslides regions are shown in the open pit mine area
highlighted in pink. They are known as the West,
Kucuk Hill, Uzun Hill, and South landslides. In this
study, the Kucuk Hill landslide bearing significant
cracks was investigated. In the Kucuk Hill landslide
area, due to the mass movement from the northeast to

the southwest, a creep zone occurred reaching the
borate zone and a flow zone appeared reaching the
upper step of the open pit floor. The cracks observed
in the Kucuk Hill Landslide area are 3-65 cm wide
and have a visible depth of 2.00-2.50 meters. Figure 3
shows a view from the Kucuk Hill landslide.

3. METHODOLOGY
3.1. LIDAR SCANS

A Leica Scan Station II scanner was used to
acquire LiDAR scans. The scanner has a dual window
system that covers a 360° horizontal and 270° vertical
field of view. A resolution scan of about 5 by 5 mm
was used in the point-cloud data acquisition. For each
station, the scanning distance was about 300 m for this
resolution. Before scanning, optical images obtained
from the scanner were recorded so that the measured
points could be coloured with an image colour that
most closely related to each scanned point. The point-
cloud data generated from the scanner is a set of point
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Fig.3 View from the Kucuk Hill landslide.

defined by x, y, and z coordinates. The z coordinates
are always vertical, assuming that the scanner was
always correctly levelled. The x and y axes were
orientated with the coordinate system of the scanner.
The point-cloud data obtained from the LiDAR
scanner were processed using Leica Geosystems HDS
Cyclone software. The software, including the
functional modules, provides a wide set of work
process options for LiIDAR scanning. The software
performs a crucial role in handling and in viewing
high-definition point clouds effectively and aids in the
fast extraction of deliverables.

The procedure for monitoring and determining
displacements of a slope using LiDAR is as follows:

e Planning of scan area;
e Point-cloud data acquisition;

e Point-cloud data processing (registration and
merging data); and

e Evaluation of point-cloud with three-point data
method for determining the orientation of
landslide and point cloud comparison method for
determining the displacements.

Because of the topographical structure of the
slope, various scan distances, and the incidence angles
of the laser beam, the point-cloud data taken from the
scan area is heterogeneously distributed. Therefore, to
guarantee the maximum coverage and accuracy, the
determination of the number and optimal locations of
the scanning station is very important. In this study, to

)

reduce the shadow-masked zone and to enlarge the
acquisition area, three on-site stations along the slope
were selected (Fig. 4).

The data acquisition and processing steps include
the determination of the scan resolution, registration,
merging data, and geo-referencing. The distance of the
LiDAR acquisition did not exceed 300 m. The
monitored slopes were free of vegetation. Three HDS
targets for each scan were used for registering,
merging, and geo-referencing the point cloud. These
HDS targets were scanned individually after scanning
of the slope. 20 mm vertical and 20 mm horizontal
resolution at a distance of 300 m were applied to the
target scans. The detection of targets in the point
cloud could be done automatically, and the
registration of each point cloud was carried out
perfectly. The root mean square error in registration
varied between 1.8 mm-3.0 mm over all registrations.
In the study, the real-time kinematic mode of the
Leica C25 GPS has been used to access
the coordinates of the HDS targets and for
georeferencing the merged point cloud.

3.2. THEORY/CALCULATION

The case study area of the research is an open pit
mine. Due to the risk of a landslide in the pit, the mine
operation was stopped. In order to restart production
at the mine site, the landslide needs to be
characterized quickly. Determining the current
situation of the landslide plays an important role in the
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Station 1

Fig. 4 Positions of scanner and targets in the study area (Blue dots indicate the targets. The targets 4, 5 and 6
were used for both scans from station 2 and station 3).

planning of the mine for production again. Remote
sensing methods, in particular, TLS method, provide
fast and reliable data for the determination and
monitoring of landslides. However, TLS alone is not
a sufficient method for defining the landslide. To
understand landslide phenomena, it is also necessary
to reconstruct the depth structures integrating the
necessary depth data (inclinometers, seismic, etc.).
The present landslide is active. It is confirmed with
the condition of the study area shown in Figure 3. Due
to cracks and stability problems caused by landslides,
delineation of the landslide mechanism was not
possible to be measured by classical methods
(inclinometers, seismic etc.). Moreover, the study area
is dangerous. Therefore, the use of terrestrial laser has
been seen as the best alternative to determine the
mechanism of the landslide.

In this paper, two methods were used for
monitoring landslide hazards, with the data taken from
a terrestrial laser scanner. The aim of the first method
was to determine the orientation of the landslide.
There are a number of methods available for
determining the orientation of a landslide, as a strike
and dip without manual measurement. The three-point
data method is well known and is based on an
analytical expression that can be easily solved using
computer software.

In this study, the dip and dip direction of the
slope faces were calculated using Cramer’s rule
method and the three-point problem. Figure 5 shows
the definition of the three-dimensions of three non-
collinear points. The plane is represented by the
equation:

The equations for the straight lines in each of
each coordinate plane can be derived for three
independent variables at a time be zero as follows:

ax+by+cz+d=0 (1
ax+cz+d =0 2)
by+cz+d=0 3)

ax+by+d=0 4)

X East

Fig. 5 The equation of a plane in linear-coefficient
for three-point problem.

The xy plane is horizontal. Therefore, equation 4
can be defined as the equation of a line of strike.
Therefore, the azimuth of strike (0 strike) is calculated
as the arctangent of the slope of this line.

6

strike

= arctan a_x = arctan (— éj (5)
dy a

When the 0z/0x the slope of the xz section is the
tangent of the dip in the east direction, 0z/0y the slope
of the yz section is the tangent of the dip in the north
direction. The two partial derivatives (0z/0x and
0z/0y) are used to calculate the true dip using the
mathematical notion of the gradient. Thus, the vector

gradient (V ) is described as follow:

z

z\ (az)
w5 +(5) ©

a’ +b? } )

0,, = arctan{
)

The aim of the second method is to determine

the deformation on pit benches. Point to point

comparison, the DEM comparison, and cloud to mesh
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distance comparison methods are the most common
methods applied for determining topographic changes
(Abellan et al., 2006; Antoine et al., 1987; Bauer et
al., 2005; Bitelli et al., 2004; Prokop and Panholzer,
2009; Kasperski et al., 2010b). Recently, due to some
deficiencies in the existing comparison methods,
a Multiscale Model to Model Cloud Comparison
(M3C2) algorithm to detect the spatial difference
between a two point-cloud has also been proposed
(Lague et al., 2013).

The M3C2 algorithm can be explained with
accurate orthogonal distance measurements between
two point-cloud data. It differs from the other methods
given above by using the matching of homologous
parts to yield a displacement field. It is capable of
making 24 distance measurements in 3D. Roughness
is a key component, which can be measured and
utilized at each stage of the computation for the M3C2
algorithm. The overall roughness can be regionally
characterized at a scale reliable with the nearby
roughness. Regional averaging around each point also
diminishes the impact of the surface roughness. The
M3C2 utilizes a regional measure of the cloud
roughness and point density to predict a parametric
confidence interval and a test for the statistical
importance of the measured changes.

First of all, the M3C2 algorithm is explained
simply in two stages. Regarding the simple
configuration, the initial stage is the calculation of
normal, N, around a core point, I, at a scale of D.
First, N is estimated from cloud number 1. Then, the
scale, over which the cloud is most planar, is chosen.
In the second stage; the intersection of the reference
point cloud data and the compared point clouds with
a cylinder having a diameter of d and axes of (i, N)
characterizes 2 sub-clouds. Every single sub-cloud is
reflected on the cylinder axis that comprises the
distribution of the distances along the normal
direction. They are useful in determining the median
position of every single cloud, which is il and i2.
After that process, the local point-cloud roughness
61(d) and o,(d) and size nl and n2 of the 2 sub-clouds
are needed to predict a local confidence interval.
Subsequently, the M3C2 algorithm was applied to
a complicated topography. As for rough surfaces, the
normal is measured at an extremely small scale when
compared to the roughness characteristics (D1), and
its orientation inevitably shows considerable variation.
This situation will lead to the overestimation of the
distance measured between two clouds. In this case, it
is seen that a larger scale of D2 outputs a more
homogenous normal orientation. The following
distance computation takes the form of the average
orthogonal distance between cloud 1 and 2.

In the scope of this study, in order to reveal the
deformation of pit benches, TLS data were taken over
two different days and was evaluated by the M3C2
method. For Multiscale Model to Model Claud
Comparison analysis (M3C2), subsample parameter
was chosen as core points.

4. RESULTS AND DISCUSSIONS

LiDAR measurements were carried out at three
stations on the eastern slopes of the mine, with two
stations on the stage elevation of 102 and one stations
at an elevation of 33 m. The elevation of 33 m is the
base elevation of the mine whereas the elevation of
102 m is located in the middle elevations of the Kucuk
Hill landslide area. These elevations provide the most
suitable scanning range for measuring the landslide
zone by TLS. In addition, the safest surfaces in the
mine are located at these elevations. The study area
was scanned twice within 30 days. Monitoring of the
landslide was evaluated in comparison with LiDAR
(TLS) point-cloud data taken on two dates.

Orientations of some slopes were measured
manually with a geological compass in the study field.
The measurements for each slope were recorded in
a survey notebook. The measurements were used for
cross-validation of the LiDAR measurements. The
manual measurements were identified in Tables 2, 3
and 4.

Using the cyclone software viewer module, three
individual points on the slope face were selected for
a measurement. The faces were selected from three
different regions homogeneously. These regions have
shown on point cloud data in Figure 4. For each
region, the slope faces were divided into areas of
approximately 30 meters in length using point cloud
data. Then these faces were numbered. It is important
that each selected surface has point cloud data from
both TLS measurements. The points were spread out
as far as possible on the same slope face and care was
taken to ensure that the three points were not collinear
or close to being collinear. The selected slope face
was numbered and, then, the three data points were
listed in data sheet software for each slope face. The
dip and dip direction of the slope faces were
calculated using the Cramer’s Rule method and the
three-point problem (Eqs: 5, 7). The calculated results
were evaluated using the stereographic based method
with DIPS 6.0 software for determining the
orientation of the landslide.

Table 2 gives the results of the orientation of the
selected slope faces at an elevation of 33 m.
Orientations of the landslide are given on a lower
hemisphere stereographic projection plot image in
Figure 6; the first measurement was shown green and
the second was shown in blue. According to the
stereographic projection results, the orientation of
the landslide was found to be 54/215 (in a dip and dip-
direction notation).

Table 3 gives the results of the orientation
calculation of the selected slope faces at an elevation
of 102 m. Twenty faces were selected and their
orientations were calculated. The orientations of the
landslide were shown on a lower hemisphere
stereographic projection plot image in Figure 7; the
first measurement was shown in green and the second
was shown in blue. The orientation of the landslide
was found to be 31/204 (in a dip and dip-direction
notation).
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Table 2 The results of the orientation of selected slope faces at an elevation of 33 m, calculated using Cramer’s
Rule method and the three-point problem (Data in parentheses are manual measurements with

a geological compass).

Face East North Elevation Dip Dip Direction
1 597860.8 4369069.3 36.4 52(51) 187(189)
2 597860.6 4369069.0 36.6 59 195
3 597904.5 4369071.2 45.1 62 202
4 597904.0 4369070.9 44.9 63 203
5 597877.7 4369019.0 45.6 46 193
6 597877.6 4369019.8 45.2 52 201
7 597904.5 4369017.6 533 43 211
8 597903.1 4369017.8 53.1 54 212
9 597792.1 4368970.5 359 58 211

10 597792.1 4368969.6 36.1 59 217

11 597840.7 4368968.7 453 66 220

12 597841.4 4368969.7 44.7 61 216

13 597877.4 4368969.6 544 41 214

14 597875.9 4368970.0 53.8 43(41) 212(208)

15 597786.9 4368921.3 434 73 242

16 597786.9 4368920.9 43.5 70 238

17 597843.2 4368919.5 54.3 50 209

18 597844.0 4368920.2 54.4 51 212

19 597746.6 4368870.7 45.8 42 236

20 597747.6 4368870.8 45.6 43 234

21 597821.7 4368871.4 55.3 51 224

22 597822.1 4368871.4 554 54 222

Table 3 The results of the orientation of the selected slope faces at an elevation of 102 m, calculated using
Cramer’s Rule method and the three-point problem (Data in parentheses are manual measurements with

a geological compass).

Face East North Elevation Dip Dip Direction

1 598142.0 4369284.9 89.6 4 114

2 598142.9 4369285.0 89.5 4 117

3 598067.2 4369288.3 75.6 4 70

4 598067.9 4369286.7 75.5 4 67

5 598183.3 4369232.1 98.8 38 173

6 598181.7 4369231.5 97.7 38 183

7 598177.2 4369240.7 95.7 4 115

8 598177.3 4369240.8 95.5 3 105

9 598152.3 4369234.9 88.2 7(10) 142(140)
10 598151.9 4369235.2 88.2 8 137
11 598059.3 4369234.7 76.2 2 334
12 598059.7 4369234.6 76.3 2 274
13 598125.7 4369184.3 87.4 3 45
14 598124.7 4369185.3 87.3 3 40
15 598043.0 4369183.9 75.4 4 88
16 598041.2 4369184.4 75.3 4 86
17 598130.8 4369138.8 92.4 19 235
18 598128.6 4369137.1 93.0 25(23) 230(229)
19 598089.9 4369135.8 85.5 6 45
20 598088.6 4369137.3 85.3 5 42

Table 3 gives the results of the orientation
calculation of the selected slope faces at an elevation
of 102 m. Twenty faces were selected and their
orientations were calculated. The orientations of the
landslide were shown on a lower hemisphere
stereographic projection plot image in Figure 7; the

first measurement was shown in green and the second
was shown in blue. The orientation of the landslide
was found to be 31/204 (in a dip and dip-direction
notation).

At an elevation of 102 upper, the calculated
results of the orientation of the selected slopes are
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Fig. 6 Contour graph for the elevation of 33 m.
(Green; first measurement, blue; second
measurement) (Dips 6.0).

Fig. 7 Contour graph for the elevation of 102 m.
(Green; first measurement, blue; second
measurement) (Dips 6.0).

Table 4 The results of the orientation of selected slope faces of at an elevation of 102 m upper calculated using
Cramer’s Rule method and the three-point problem 2 (Data in parentheses are manual measurements

with a geological compass).

Face East North Elevation Dip Dip Direction
1 598273.1 4369331.7 116.3 57 177
2 598274.8 4369331.0 116.4 58 180
3 598269.6 4369283.6 116.9 47 196
4 598269.7 4369281.7 116.4 51(50) 199(195)
5 598250.4 4369231.4 105.1 36 198
6 598250.2 4369230.7 105.2 36 197
7 598225.7 4369236.1 102.0 26 157
8 598224.8 4369236.1 101.7 26 164
9 598210.5 4369235.3 101.8 5 92

10 598209.5 4369235.3 101.7 5 96
11 598204.1 4369232.6 101.5 3 129
12 598203.8 4369231.5 101.3 3 114
13 598272.1 4369178.0 112.2 46 188
14 598270.6 4369178.0 112.0 48 180
15 598235.5 4369178.2 105.1 41 196
16 598234.2 4369178.1 105.1 41 196
17 598184.9 4369180.1 98.5 4 87
18 598335.8 4369136.3 129.1 31(30) 230(234)
19 598333.1 4369134.4 128.8 29 229
20 598221.3 4369132.6 103.4 36 202
21 598219.2 4369132.7 103.3 36 201
22 598194.5 4369132.3 98.2 43 204
23 598192.4 4369132.8 98.2 42 208
24 598309.4 4369082.4 135.2 49 240
25 598309.1 4369082.3 135.3 47 241
26 598236.7 4369080.0 110.8 38 211
27 598238.7 4369083.5 112.9 39 206

presented in Table 4. The orientation of the landslide
was determined using the lower hemisphere
stereographic projection plot image in Figure 8; the
orientation of the landslide was 40/202 (in a dip and
dip-direction notation).

Results of the lower hemisphere stereographic
projections show that the average landslide direction

is about 207 for the study area. The Kucuk Hill
landslide direction is southwest. The slope angle is
about 42 (42/207 in a dip and dip-direction notation).
The direction of the mining production at Kucuk Hill
field is northeast. In other words, the landslide and the
mining production are on the same line, but the
directions are different.
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The M3C2 study was carried out to determine
the deformation on the slope surface by means of
a CloudCompare3D point cloud and mesh processing
software which is an open-source project. In the study,
the point cloud created from the first scan was
accepted as the reference point cloud and the
following were compared with that reference point
cloud. The magnitude of the displacements analyzed
by the M3C2 algorithm is shown in Figures 9-10. The
frequency of each magnitude of displacement is given
by means of a histogram.

According to the M3C2 analysis, the pit slopes
have deformed toward the front of the slope. Then the
slopes have slid downward. The analyses show that
this movement characteristic has probably been
repeated continuously. The histogram data in Figure 9
and Figure 10 clearly shows that 98 % of the total
displacement is between +750 mm and -750 mm at an
elevation of 33 m over a 30-day period. About 95 %
of the positive and negative displacements detected
from the TLS measurements are from +1500 mm to
=750 mm over the same period at an elevation of
102 m base and upper.
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0.000000
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-0.500000
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Fig. 9 M3C2 analysis between the first and second scan, and a histogram is showing the magnitude of
displacements at elevation 33 m. (CloudCompare3D).

Fig. 10 M3C2 analysis between the first and second scan and a histogram is
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0.500000
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showing the magnitude of

displacements at elevation 102 m base and upper. (CloudCompare3D).



388 M. V. Ozdogan and A. H. Deliormanli

[pit Slope

Symbol _TvpE Quantiy
¢ Faut 1 o
Fault 10 1
Fault 2 1
Fault 3 1
Fault 4
Fauit 5 1
<] Fauts 1
& Fault 7 1
Fautt 8 1
¥ Faie
Others 5
Symbol _Feature
E W critical Itersection

Color Daénsity Concentrations

T
L60 - 320
rrit
P
e - e
s - se
%60 - 1120
120 - 1280
1280 - 1440
Maximum Density | 15.75%
Contour Data | Fole Vedors

Contour Distribution | scimidt

Countang Grome e | Low

Kinematic Analysis | Wedge Siding
Slope Dip | 35
‘slope Dip Direction | 295
Friction Angle: | 15°

[ critical | Total | =
weigesiang] s | n | 2ee

Fig. 11 Wedge sliding analysis for the pit operation, showing four critical possibilities of wedge sliding at 25°
inter-ramp slope angle at lower elevations in open pit mine. (Dips Software 6.0).

The slopes of Kucuk Hill field in the open pit are
the high faces with the highest elevation difference in
the open pit and the discontinuities in this region are
controlled by the location of the organic clays located
within the limestone levels at lower elevations. Water-
saturated plastic clays in Figure 1 played an important
role in the Kucuk Hill landslide. Internal parameters
of clay, such as cohesion and internal friction angle
values, are reduced with the surface-water flow. In the
study, clay samples were collected from the field and
the internal parameters such as cohesion (c¢) 0.12 MPa,
and friction angle (&) 15° were determined.
According to the open pit design parameters, the
overall wall slope angle is 20° and the inter-ramp
slope angle is about 25° especially in the lower
elevations of Kucuk Hill landslide area. In case inter-
ramp angles reach up to 25° the wedge-shaped
discontinuities demonstrated in the kinematic analysis
in Figure 11 occurring at lower elevations depending
on the partial bevel angles cause deformations at the
top until they reach an equilibrium state. This was the
main reason for the Kucuk Hill landslide.

Given the slope geometry and discontinuity
orientation, a kinematic analysis determines whether
and where a particular instability mechanism is
kinematically possible (Goodman and Bray, 1976;
Hoek and Bray, 1981; Hudson and Harrison, 1997;
Matheson, 1989). The kinematic analysis investigates
various instability mechanisms: plane failure, wedge
failure, block toppling and flexural toppling. The
kinematic stability analyses were executed on
stereographic projection images using Dips 6.0
designed by Rocscience in Figure 11. According to
the wedge kinematic analysis results in Figure 11,
four intersection points are shown in the primary
critical zone for wedge failure. Even though the
percentage of critical intersections compared to the
total number is actually very low (about 2.4%) it is
big enough to start the landslide movement in the
Kucuk Hill landslide region. Therefore wedge sliding
is a concern for this slope orientation.

Inter-ramp slope angles have a determinant role
in Kucuk Hill region from the aspect of slope stability.
Slide 6.0 software was used for the slope stability
analyses. Non-circular surface type of stability
analyses was carried out in the study. The region in
which the open pit is located poses seismically active
character. For this reason, additional loads that would
be induced by earthquakes were also integrated into
analyses. By using earthquake accelerations, excess
dynamic loads were added to the block on the sliding
surface. The data used in the analysis were utilized by
taking basis the study of Erdik et al. (1999, Global
Seismic Hazard Assessment Program Report). In
Figure 12 safety coefficients of inter-ramp slope
angles regarding the faces of lower elevations, which
are located in the excavation profile of Kucuk Hill, are
given. As seen in the mentioned figures, safety
coefficients happen to drop to 0.96 in inter-ramp slope
angles.

Based on the results, the slope failure
mechanisms in the study area were commonly caused
by intense surface-water flow, due to heavy
precipitation or rapid snow melt that erodes and
mobilizes loose soil or rock on steep slopes. The area
where the open pit mine is located generally
experiences heavy rainfall in the winter seasons. In
addition to this, the failure mechanism might have
been triggered by rapid ground movement, caused by
an earthquake or blasting. Drilling and blasting is a
common excavation method used throughout the
study area. For these reasons, during the winter
season, the mining operation is at higher risk.

According to the results of kinematic and slope
stability analysis, there is a mechanism that triggers
the landslide at the lower elevations of the Kucuk Hill
area. The LiDAR measurements support this
phenomenon. It is observed that the landslide
movement continued in the southwest direction by
using three-point problem with data obtained from the
LiDAR measurements. It means that The landslide
movement continues in the opposite direction to the
progression of the pit mine.
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Fig. 13 Wedge sliding analysis for revised open pit mine planning, showing no critical possibility of wedge
sliding at 15° inter-ramp slope angle at lower elevations in open pit mine. (Dips Software 6.0).

In order to restore the stability of the mine, the
mine plans must be revised. According to this, in the
revised plans, a pillar was left into the 30 m hearth at
+20 m base level in Kucuk Hill region of the pit. In
this case, in the revised plan, the inter ramp angle
between +20 m elevation and +50 m elevation was
reduced to 15°.

The results of wedge sliding kinematic analysis
are shown in Figure 13. The results show that there is
no possibility of wedge failure in the slope at lower

elevations. The revised planning of open pit mine is
given in Figure 14.

The results show that the use of terrestrial 3D
laser scanning is one of the best ways to landslide
detection and characterization. TLS ensure high-
quality data for modelling the landslide area,
especially when the topography of the study field is
complex. Furthermore, terrestrial 3D laser scanning is
very effective remote sensing technology for
monitoring small landslide areas especially occurring
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Fig. 14 The map of revised open pit mine planning.

in open pit mines. Another result in this study, the
orientation of the landslide can be easily calculated
with data obtained from the scanner using three-point
problem method introduced in Figure 5. Moreover,
cloud comparison method is a successful method to
determine slope movements. Results obtained using
all these methods can be used for input data of the re-
planning of open pit mine. This is also important for
reducing the landslide effects.

5. CONCLUSIONS

The production rate and production direction
have to be determined based on landslide
characteristics. More effective and safe pit production
is available by determining the orientation of the
landslide, and landslide hazards in open pit mines can
be avoided by taking precautions in good time.
Regular examination and systematic monitoring of the
landslide field are important for early detection of
failure and any associated hazards. The results of this
study show that the data obtained from LiDAR
measurements were quick and easy to collect, and
were also more accurate for monitoring and analysing
landslides. There is a great opportunity to use this
technology for monitoring and analysing landslides:
the orientation of the landslide, and determining any
landslide deformation.
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