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1. Introduction

Abstract

It is common knowledge that snowmelt, excessive precipitation, naturally occurring or
man-made faulty applications, and static loading conditions can weaken slope stability,
which can result in numerous fatalities and property damage. Then again, it is referred to
that a few disastrous earthquakes, for example, 1999 Izmit (Mw=7.1), 2023 Pazarcik
(Mw=7.7) and Elbistan (Mw=7.6) that happened because of the way that our country is
situated in the earthquake belt trigger the slope stability. Within this scope, the mass
moves that might happen on the slopes because of the earthquake might cause loss of life
and property as well as prevention of road transport. In light of the earthquake, it is critical
to guarantee that intercity highways will continue to be serviceable. In this paper, a 3D
point cloud was made utilizing photogrammetrically high-resolution aerial photographs
and a primer examination of a selected slope system was performed in the Zigana region
of the Glimiishane-Trabzon highway (the previous Zigana Tunnel 5 km). The noise of the
point cloud made by utilizing morphological and statistical sorting filters is excluded.
Within the relevant point cloud, a section was created from the 3D surface of a region. By
using this section, slope stability analysis were implemented for static and dynamic
loading situations of the slope by taking into account some foundation rock parameters
that are thought to represent the region. In this study, the effect of earthquake induced
dynamic analyses on stability were investigated comparatively. As a result of the selected
parameters, it is observed that the road slopes that appear to be stable can become
unstable especially with the earthquake effect.

place in Japan between 1964 and 1980 was largely due to
landslides triggered by earthquakes (Kobayashi, 1981).

The stability of slopes may deteriorate due to
various reasons in nature. Some of these may occur due
to natural causes such as strong earthquakes, weathering
of rocks or soils, increase in pore water pressure caused
by excessive rainfall or water saturation of soils that are
not saturated with water, while some of them may occur
due to unconscious engineering activities.

It may cause failure of slope stability systems that
are already significantly stable or moderately stable
under seismic loading (Kramer, 1996). Earthquakes may
create greater damage to building systems than their
current effects due to loss of slope stabilities (Youd,
1987; Wilson and Keefer, 1985). It has been observed
that the loss of life in the major earthquakes that took

The Haiyuan earthquake in China triggered hundreds of
landslides and caused more than 100,000 deaths. During
the 1999 Diizce earthquake, a landslide that took place in
the Bakacak region, approximately 15 km west of Bolu
province, caused an almost 100 m long section slide of
the highway and spread over the valley (Bakir and Akis,
2001). For this reason, transportation was disrupted for
a few days until an alternative route was opened (Erdik,
2001). Technical reports prepared on the Pazarcik
(Mw=7.7) and Elbistan (Mw=7.6) earthquakes that
occurred in 2023 revealed slope stability problems
ranging from a few meters to hundreds of meters in
length (Cetin et al.,, 2023).
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Slope stability systems can generally be considered
in two ways. First of these is to analyze the slope stability
in case of static loading. In such a case, the balance of
system is generally associated with external
loading/unloading operations in ground system’s own
weight. In the second of these, in addition to static
loading, the slope stability system is investigated by
assuming that slopes are exposed to dynamic loading. In
this case, it is possible to define the frequently preferred
methods under two headings: a) limit equilibrium
method and b) numerical methods based on finite
elements or finite differences.

For both methods, factor of safety for slopes can be
determined. In both approaches, the situation regarding
slope safety can be determined by calculating the factor
of safety. In many studies conducted in this context, it is
often observed that while stability analyzes of ground
systems are carried out, whether the slope is generally
safe or not is examined by calculating the factor of safety
for slopes (Dawson et al., 1999; Matsui and San, 1992).

The analyzes carried out within the scope of the
study consist of two parts: static and pseudo-static
analyses. In parametric analyses, two different rock
properties were taken into account for the slope system.
These expressed rock parameters were chosen based on
the assumption that the slope system consists of
limestone or andesitic basaltic tuff, which is known to be
common in the region. Comparisons were implemented
using total displacements and system’s factor of safety
for three node points determined from slope section
produced using the data obtained from the point cloud.

2. Method

In this study, parametric analyzes were carried out
with the slope section obtained using
photogrammetrically produced point cloud data in the
0ld Zigana Tunnel region (Giimiishane side). To produce
photogrammetric data of the study area, 11 aerial images
taken by the General Directorate of Mapping with an
UltraCam Eagle M3 camera in 2018 were used. Each
image is 13080x20010 pixels in size and the camera
calibration parameters presented with the images were
used in the point cloud production stage. In order to
carry out the geo-referencing process of the data,
geographical data collection was carried out at each
point, a minimum of 10 epochs, with the GeoMax
Zenith15 GNSS receiver on the sharp edges of the
concrete structures that have not been deteriorated or
changed since 2018 in the study area. The created point
cloud has a ground sampling interval of 12 cm. Error
values of 4 control points not used in the
photogrammetric balancing process are presented in
Table 1. The solid and digital terrain model representing
the study area is given in Figure 1.

Table 1. Total error values of control points
X Y Z
0.04 0.07 0.2

Total Error (m)

After the points representing the digital land surface
covering the study area were obtained, the noisy data in
the point cloud was filtered and cleaned and then
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transferred to the CAD environment to perform the
cross-section creation process. The raw point cloud must
be filtered to perform more meaningful data analysis and
processing. Additionally, the point cloud must be filtered
to preserve existing details such as edge features and
achieve the smooth surfaces needed to produce realistic
digital models of physical objects (Giinen and Besdok,
2021). For noise removal, the statistical outlier method
developed by Rusu and his colleagues (Rusu et al., 2007),
which assumes that the distance between a certain point
and its neighbors is normally distributed, was first used.
For each pi point (i=1...n) in the data set, the average ri
distance is calculated by taking into account the K-
nearest neighbors (K-nn). This value is evaluated using
the sigma rule on the entire dataset, meaning if the result
is not within N standard deviations from the mean, then
the point is treated as an variance. Assuming that the
average distance to K-nn is normally distributed, the
standard deviation multiplier can be selected according
to the cumulative distribution function from the normal
distribution.

Figure 1. 3D models of the working area

Then, a morphological filter was applied to the point
cloud. Morphological filtering methods often rely on
extensions of digital image operators adapted to process
point elevation rather than grayscale intensity.
Morphological filters analyze the shapes and structures
of objects in the point cloud. These filters are often used
in opening and closing steps to remove small details and
noise present in the point cloud. Opening is used to
remove small objects or details. Closing is used to
preserve the shapes and boundaries of large objects.
These steps help to obtain a clearer and cleaner point
cloud by determining the shapes of objects in the point
cloud more accurately. In the progressive morphology
filtering method used in this study, the filtering process
depends on the window size and height difference
threshold. As a result of an iterative process, points of
outer place objects of different sizes are removed from
the data set while preserving the ground data (Tan et al,,
2018, Wang et al,, 2014). Figure 2 shows the trimmed
point cloud of the study area and the solid model
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representation of the point cloud that was spatially
sampled again after filtering.

The rock data used in parametric analyzes were
considered as limestone and andesitic basaltic tuff, which
are known to be common in the region (Korkmaz, 1988).
The physical and mechanical properties used for rock
parameters are given in the Table 2. Additionally,
poisson ratio were considered as 0.23 and 0.26 for
limestone and andesitic basaltic tuff, respectively
(Briaud, 2013; Alkan and Dag, 2018).

Figure 2. a) Colored b) 2m resolution c) filtered solid
model of the working area

Table 2. Rock parameters used in analysis (Korkmaz,
1988)

Rock Type  Edn, MPa  ¢,MPa ¢ () 7, kN/m?
Limestone 61978 25497 50 27.26
Andesitic 28341 17.161 46 25.95

basaltic tuff
Eayn: Dynamic modulus of elasticity, c¢: Cohesion, ¢:
Angle of internal friction, y: Unit voliime weight

2.1. Finite Element Analysis

The finite element method (Bentley, 2020) was used
in the stability analysis of the slope system. Two stages
were followed in the analyses performed. In the first
stage (initial stage), the behavior of the slope system
under its own weight was performed by gravity weight.
By preserving the effective stresses produced using this
approach, in the second stage, the unusual deformations
occurring in the slope system are reset and safety
analysis is performed to calculate the factor of safety
coefficient. Starting from the initial stage, in addition to
pseudo-static analyses, analyses were carried out for the
factor of safety gradually. In pseudo-static analyses,
pseudo-acceleration coefficients are multiplied by
£=9.81 m/s? and applied to the center of gravity of the
area with sliding potential. With this approach, the slope
system that will be exposed to earthquake is loaded by
"g". It can be considered that horizontal acceleration
coefficient (kh) for “large” earthquakes is 0.1, for “severe,
destructive” earthquakes is 0.2 and for disaster level is
0.5. In this context within the scope of the study, pseudo-
static analyzes were carried out, regarding as 0.1g
increments from 0.1g to 0.5g.

Nonlinear behavior of the rocks was considered with
the Mohr-Cloumb elasto-plastic material model in the
analyses. In the expressed material model, in addition to
mechanical properties such as modulus of elasticity and
Poisson's ratio, which are frequently used for the linear
behavior of the material; cohesion, internal friction angle

72

and dilation angle must be included. Within the scope of
the study, dilation angle was accepted as zero. The side
boundaries and base of the model were enlarged to
eliminate convergence problems, and base was assumed
to be the bedrock. While horizontal movement is not
allowed at the nodes on the sides, the movement of the
nodes on the base is kept in all directions. The network
distribution used in the analysis and the nodes where the
responses are obtained in the model are presented in
Figure 3 and Figure 4, respectively.

500 m

1. Slope

——Road route
/—— 2. Slope
<>

.............

x 1193 m
Figure 3. Network distribution for slope model

Figure 4. Selected nodes

3. Results and Discussion

3.1. Displacements Obtained from Pseudo-Static
Analyzes

The relationship between the largest displacements
and loadings obtained from selected nodes in the slope
system using limestone and andesitic basaltic tuff system
is presented in Figure 5 and Figure 6, respectively. It is
clearly understood that the changes generally show an
increasing trend in both ways depending on the increase
in loadings.
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Figure 5. The relationship between the largest
displacements and loadings obtained from the selected
nodes for limestone
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Figure 6. The relationship between the largest

displacements and loadings obtained from selected
nodes for andesitic basaltic tuff

Table 3. Displacements derived from limestone

Acceleration Us1(m) Us2(m) Us3 (m)
0.1g 0.007 0.007 0.007
0.2g 0.022 0.021 0.020
0.3g 0.045 0.040 0.037
0.4g 0.068 0.060 0.056
0.5g 0.091 0.080 0.074
£=9.81 m/s?,

Us1:the largest displacement obtained from the node no. 5563,
Us2:the greatest displacement obtained from the node no. 4503,
Us3=the greatest displacement obtained from the node no. 3363

Table 4. Displacements obtained from andesitic basaltic
tuff

Acceleration Us1(m) Us2(m) Us3 (m)
0.1g 0.013 0.014 0.014
0.2g 0.042 0.039 0.038
0.3g 0.087 0.077 0.073
0.4g 0.133 0.117 0.110
0.5g 0.181 0.159 0.149

It is observed that under the applied loading, the
displacements in the slope system for limestone and
andesitic basaltic tuff increase significantly, showing a
general trend (Figure 5 and Figure 6). For example, while
the Us1 displacement obtained from the 1st slope system
using limestone was around 0.007 m under 0.1g loading,
it is seen that the same response was obtained as 0.045
and 0.091 m, with an increase of 543% and 1200% under
0.3g and 0.5g loading, respectively (Table 3). Another
example of this situation can be given using the Us2 or
Us3 displacements in Table 3. For example, while the Us3
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displacement obtained from the 2nd slope system was
0.007 m under 0.1g loading, the same response was
obtained as 0.037 m and 0.074 m with an increase of
429% and 957% under 0.3g and 0.5g loading,
respectively.

The largest displacements obtained from pseudo-
static analyzes carried out in the slope system,
considering andesitic basaltic tuff, are presented in Table
4. As can be clearly understood here, the increase in
loading generally significantly increases the largest
displacements obtained from selected nodes. For
example, while the Us1 displacement obtained from the
1st slope system is 0.013 m under 0.1g loading, the same
displacement becomes 0.087 m and 0.181 m with an
increase of 569% and 1292% under 0.3g and 0.5g
loading, respectively. It is possible to obtain a similar
increasing trend within the selected node on the route.
For example, while the Us2 displacement is 0.014 m
under 0.1g loading, the same displacement value is
obtained as 0.077 m and 0.159 m under 0.3g and 0.5g
loadings, increasing by 450% and 1036%, respectively.

Another point that should be emphasized here is
that the displacements obtained from the selected nodes,
considering limestone and andesitic basaltic tuff, vary
significantly compared to each other. For example, while
the Us1 displacement was obtained as 0.007 m under
0.1g loading for limestone, this displacement for the
same loading was achieved around 0.013 m for andesitic
basaltic tuff, with an increase of 86% due to the decrease
in the mechanical properties of the rock system and the
unit volume weight. This change shows a similar trend,
increasing by 93% and 99% under 0.3g and 0.5g
loadings, respectively. (Table 3 and Table 4).

3.2. Factor of Safety Coefficient Obtained Under
Loadings

The changes in the security numbers obtained from
the analyzes are shown in Figure 7 and Figure 8. When
Figure 7 and Figure 8 are examined, it is understood that
the safety numbers obtained from limestone and
andesitic basaltic tuff show a continuous downward
trend from the static loading condition in the slope
system to the 0.5g loading condition. In order to obtain a
constant value of safety numbers in the slope system, it
is seen that 100 steps for limestone and 1000 steps for
andesitic basaltic tuff are sufficient under loading
conditions.

The factor of safety obtained from the analyzes
carried out using limestone and andesitic basaltic tuff for
the slope system are shown in Table 5. When Table 5 is
analyzed, it is clearly seen that the decreasing trend of
safety numbers from static loading to pseudo-static
loading. For example, while the factor of safety for slope
system created from limestone is around 29.33 in static
condition, it is seen that the same factor of safety is
obtained at 21.62,13.45 and 9.51 with a decrease of 26%,
54% and 67.5% under 0.1g, 0.3g and 0.5g loadings,
respectively. It is possible to see a similar decreasing
trend in the slope system created from the andesitic
basaltic tuff system. For example, while the static factor
of safety for andesitic basaltic tuff is 21.60, this value is
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obtained around 16.14, 9.99 and 7.10 with a decrease of
25%, 54% and 67% under 0.1g, 0.3g and 0.5g loadings,
respectively.

30
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Number of steps used in analysis

Figure 7. Relationships between step numbers and factor of
safety used in the analyzes carried out considering limestone

25
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Figure 8. Relationships between step numbers and factor of
safety used in the analyzes carried out considering andezitic

basaltic tuff

Table 5. Factor of safety obtained from limestone and
andesite-basaltic tuff

Acceleration Gsk Gst
Statik 29.33 21.60
0.1g 21.62 16.14
0.2g 16.66 12.37
0.3g 13.45 9.99
0.4g 11.22 8.32
0.5g 9.51 7.10

FoS1: Factor of safety for the section obtained from the
analyzes performed under the loading considered for
limestone

FoS2: Factor of safety for the section obtained from the
analysis carried out under the loading considered for
andesitic basaltic tuff rock

When a comparison is made between the FoS values
obtained for limestone and andesitic basaltic tuff, it is
clearly seen that the FoS values obtained from limestone
are greater than the FoS values obtained for andesitic
basaltic tuff for all loading conditions (Table 5). For
example, while the FoS values obtained from andesitic
basaltic tuff for the static situation is 21.60, it is seen that
the same FoS value is 29.33. In this example, it can be
seen that the FoS value obtained from limestone has
increased by around 36% compared to the FoS value
obtained from andesitic basaltic tuff. Similar changes can
be easily observed in pseudo-static loading. For example,
if we look at the FoS values obtained for 0.1g, 0.3g and
0.5g for andesitic basaltic tuff, these values are obtained
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at 16.14, 9.99 and 7.10, while the same values for
limestone are 16.14, 35% and 34% with increases of
around 33%, 35% and 34%. It is seen that 9.99 and 7.10
were obtained.

Considering that unstable situation for the stability
status of the slopes will occur below 1 and it is
understood that under the analyzed assumptions, the
slope system is stable under both static and pseudo-
static loading if it consists of limestone or andesitic
basaltic tuff system.

4. Conclusion

Within the scope of this study, a slope section was
obtained using photogrammetrically produced point
cloud data in the Zigana region of the Giimiishane-
Trabzon highway (5 km Giimiishane side of the old
Zigana Tunnel). Parametric analyzes were carried out for
the created slope system to be limestone or andesitic
basaltic tuff, which is known to be frequently found in the
region. Finite element approach was considered for
parametric analyses. Loadings were carried out under
static and Pseudo-static loadings. In pseudo-static
analyses, the load condition was increased from 0.1g to
0.5g. The data obtained from the analyzes are presented
in terms of total displacements obtained from three
selected nodes. Additionally, factor of safety values was
calculated for static and pseudo-static loading cases. The
inferences obtained in this context are listed below.

For cases where the slope system consists of
limestone or andesitic basaltic tuff, the displacements
obtained from pseudo-static loading can increase
significantly within the three nodal points depending on
the increase in the loading magnitude.

Displacements can increase significantly due to the
decrease in mechanical parameters and unit volume
weight of andesitic basaltic tuff compared to limestone
for all pseudo-static loading conditions.

When the factor of safety values calculated under the
assumptions made are examined, it is understood that
the slope system is stable (durable) under both static and
pseudo-static loading in cases of limestone or andesitic
and basaltic tuff. The change in factor of safety decreases
significantly in both cases due to the gradual increase in
loadings. It is also noteworthy that factor of safety of the
slope created from andesitic basaltic tuff remains
relatively lower for all loading conditions compared to
limestone.
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