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Abstract
In this study, the rockfall hazard in Hacıabdullah village located in the Central Anatolia region of Turkey
was assessed with three-dimensional (3D) rockfall analyses based on unmanned aerial vehicle (UAV)
technology. With several rockfall disasters experienced in the village, the �nal event occurred as severe
rockfall in 2008 and several houses were evacuated due to rockfall risk after this event. In order for the
rockfall hazard to be assessed close to reality in the study area, rocks with falling potential identi�ed in
the �eld were assessed using high-resolution digital surface model (DSM) data produced from images
obtained with UAV. During �eld studies, 17 rocks with fall hazard were identi�ed and dimensional
measurements were performed. According to dimensional values, the geometric and volumetric features
of each rock were assessed close to reality with the RAMMS 3D rockfall modelling program. As a result of
modelling, the kinetic energies of the rocks were identi�ed to reach up to 3476 kJ, with velocities of up to
23.1 m/s and bounce heights of up to 14.57 m. On steep slopes rocks do not travel very long distances;
however, in gentle slopes, they were identi�ed to be able to roll very long distances. Rocks that do not
move very far from the source are; in other words, where the fall process is dominant, may create damage
on roads mainly. However, those with the feature of rolling, in other words, blocks which can travel long
distances from the source area, have the potential to cause great damage to settlement areas, roads and
trees. According to the hazard map, modelling of rock blocks numbered R6, R12, R13, R14, R15, R16 and
R17 showed settlement units were within the high and moderate risk areas. 

Introduction
Rockfalls are one of the most dangerous natural disasters experienced on earth (Varnes 1978; Evans and
Hungr 1993; Liu et al. 2021). Rockfalls, which are very di�cult to predict in terms of occurrence time and
pattern are one of the mass movements causing most damage and loss of life. Falling rocks cause great
damage to areas like roads, settlement units and infrastructure, in addition to causing great risk for
human life (Tanarro and Munoz 2012; Lu et al. 2019; Utlu et al. 2020a). Rockfalls have high potential to
occur rapidly and suddenly at different angles and occur in nearly all conditions and different rock groups
(Fityus et al. 2013; Singh et al. 2016; Gül et al. 2016). The basic source area for rockfalls are vertical or
almost vertical rock faces (Varnes 1978; Evans and Hungr 1993).

Many factors affect rockfalls in these high-slope areas and these factors are divided into 3 groups. These
are (1) structural features like gravity, slope-aspect-elevation features, discontinuous surfaces on the
slope, and lithologic features, (2) environmental factors like climate (rainfall, freeze-thaw events, wind,
snowmelt, etc.), vegetation root development, tectonism and weathering features, and (3) anthropogenic
factors like road construction, wrong engineering practices, explosives used during mine excavations, and
building-foundation work (Bull et al. 1994; Mccarroll et al. 1998; Matsuoka 1999; Ash�eld 2001; Vidrih et
al. 2001; Dorren 2003; Yılmaz et al. 2008; Abebe et al. 2010; Vijayakumar et al. 2011; Cybulski 2014;
Youssef et al. 2015; Aydın and Eker 2017).
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Rockfall events frequently occur in Turkey, at different locations and elevations, in settlement units
founded in both mountainous areas and near high slopes. Rockfall events are the most frequent natural
disasters after earthquakes, landslides and �oods in Turkey and lead the topics studied in Turkey (Taga
and Zorlu 2016; Dinçer et al. 2016; Gül et al. 2016; Aydın and Eker 2017; Geniş et al. 2017; Kayabaşı 2018;
Akın et al. 2019, 2021; Utlu et al. 2021, 2020a, b). This study investigated the rockfall hazard in
Hacıabdullah village located in Niğde province in Central Anatolia which has experienced rockfalls both in
the past and at present. Rockfall hazard were assessed with three-dimensional (3D) rockfall analyses
using high-resolution digital surface modelling (DSM) data based on images taken with an unmanned
aerial vehicle (UAV) of rocks identi�ed in the �eld with rockfall hazard.

Study Area
Located in the Central Anatolia region of Turkey, Hacıabdullah village is within a valley formed by
volcanic rocks on the east slopes of the Melendiz stratovolcano and is an area where intense rockfall
events occur (Fig. 1). The village, founded under a steep slope formed by volcanic rocks containing
cooling fractures, experienced many rockfall events during history and these events continue to the
present day (Fig. 2). According to a report by Ministry of Interior Disaster and Emergency Management
Presidency (AFAD), Hacıabdullah village has experienced several rockfall events from 1957 to the present
day on different dates (05/04/1957, 26/06/1963, 13/09/1974, 21/03/1983, 13/11/2007, 03/03/2008). In
the report from 1957, the decision was made to evacuate 85 families at risk from rockfalls; however, the
local public did not implement this decision. A report in 1963 stated that 92 households were damaged
by both rockfalls and �oods. In 1974, 12 houses were affected by rockfalls. In 2007, it was recommended
that 50 houses with rockfall risk be moved. During a rockfall occurring in 2008, 2 houses were damaged
by rockfalls (AFAD, 2011; Fig. 2).

The study area has semi-arid climate features shown by the letters “BSk” according to the Köppen-Geiger
climate classi�cation (Öztürk et al. 2017). Freeze-thaw processes occurring especially during the winter
season, gravity on high slope areas, and the general lithology of the study area containing volcanic rocks
with intensely fractured structure play large roles in triggering rockfall events (Fig. 2). Rockfall events are
mostly experienced on high-slope areas located south of the village (Fig. 1d). The slopes of areas where
rockfall events occur vary from 23–90° and the area has a convex pro�le.

Datasets And Processing
Accurate analysis is required due to the high hazard and risk status of rockfalls. From this aspect,
modelling studies have great importance (Mary Vick et al. 2019). For rockfall modelling studies,
geomorphometric approaches and modelling based on high-resolution DSM data provide more accurate
and sensitive results (Loye et al. 2009; Zhang et al. 2019; Pérez-Rey et al. 2019; Francioni et al. 2020;
Rodriguez et al. 2020; Akın et al. 2021). Within this scope, UAVs offer signi�cant advantages in producing
DSM and orthophoto data for large areas in a short duration and gain great importance for monitoring
the distribution of natural disasters, especially, in spatial and temporal terms (Feng and Röshoff 2004;
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Abellán et al. 2006; Armesto et al. 2009; Alejano et al. 2013; Giordan et al. 2015). High-resolution DSM
and orthophoto data are very effective for accurate and sensitive creation of trajectory analyses and
detection of source zones in rockfall studies. For this reason, rockfall studies in recent years have moved
beyond traditional methods (Colomina and Molina 2014; Boccardo et al. 2015; Gomez and Purdie 2016;
Manconi et al. 2019) and begun to use high-resolution digital elevation model (DEM) and orthophoto
data obtained with UAVs (Matasci et al. 2015; Török et al. 2017; Byrne 2018; Manconi et al. 2019).

3.1. UAV Survey and Photogrammetric processing
A DJI Phantom 4 Advanced UAV was used to produce high-resolution orthophoto and digital surface
models for rockfall modelling. The general �owchart followed when producing this data is given in Fig. 3.

Preparations for �ight height, scanning width and stereo image matching proportions were completed
with Pix4dcapture software for the study area. With the aim of producing DSM and orthophoto data with
good quality and sensitivity, 40 ground control points (GCP) were placed with D-GPS before the �ight.
Five parallel �ights were made at 100 meters height, and 621 stereo aerial photographs were obtained
with 70% overlap ratio (Fig. 4a-b). Processing of these images used the Pix4d program trial version. In the
study using 40 GCP, DSM and orthophoto images with low 1.4 cm RMSE error and 3.03 cm resolution
were obtained (Fig. 4c-d).

3.2. Rockfall simulations
A range of rockfall models were developed in order to assess rockfalls in terms of dynamics, trajectories,
kinetic energies, velocity and bounce heights and many other aspects, (Azzoni et al. 1995; Dorren 2003;
Volkwein et al. 2011; Frattini et al. 2012; Žabota et al. 2021; Liu et al. 2021). Digital modelling like
RAMMS, CONEFALL, STONE, Georock, Rockyfor3D, FlowR and Rotomap produce two-dimensional (2D)
and 3D rockfall models based on geographical information systems (GIS) (Guzzetti et al. 2002;
Jaboyedoff and Labiouse 2011; Topal et al. 2012; Bartelt et al. 2016a). 3D modelling studies are
performed by identifying source zones, fall tracks and runout zones for rockfalls (Dorren 2003). It is
important to assess modelling results linked to detection of blocks with rockfall potential within the
scope of hazards and risks of properties like trajectory, velocity, kinetic energy and bounce height (Dorren
2003; Volkwein et al. 2011; Bartelt et al. 2016b; Zygouri and Koukouvelas 2017). Results obtained from
this modelling provide advantages in producing hazard maps for rockfall susceptibility, protection,
vulnerability, frequency, failure, distribution, etc. (Vo 2015; Bonneau et al. 2018; Sarro et al. 2018; Singh et
al. 2018; Sazid 2019). For this reason, implementing the necessary protective systems (fences, ditches
and forests) as a result of modelling by identifying these blocks and performing the necessary
measurements may prevent these hazards and risks (Piacentini and Soldati 2008).

In this study, blocks identi�ed in �eld studies with high hazard and risk had 3D analyses completed with
the RAMMS program. After obtaining high-resolution orthophoto and DSM data, �eld studies were
completed to identify blocks with fall hazard and perform dimensional measurements. During these �eld
studies, 17 blocks with fall hazard identi�ed (Fig. 5–6) and the height, width and length measurements
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were performed for these rocks (Table 1). After determining the geometric and volumetric properties of
these rocks, with very different shapes and volumes, 3D rockfall analysis for the rocks were completed
with the RAMMS-Rockfall program which is a GIS-based rockfall simulation program (Leine et al. 2014;
Bartelt et al. 2016a). This program provides a great advantage for accurate and high-quality modelling of
rocks with different shapes and volumes measured in �eld studies (Mary Vick et al. 2019).

In the rock modelling process, a range of data inputs are required in addition to modelling obtained linked
to DEM data. These inputs include features like plant cover (open, dense, etc.), terrain types (hard, extra
hard, medium, soft, medium soft, etc.), and block types (�at, equitant, round, etc.) for blocks or source
zone areas to be modelled by the RAMMS program (Vo 2015). For rock modelling in the RAMMS
program, DEM data with resolution from 1–10 m is su�cient. For this reason, DSM data with cm-
resolution was rescaled to 1 meter resolution to obtain the format for use in modelling. Based on the
volcanic rocks in the general geology of the �eld, the terrain type was selected as hard terrain, covered
with very sparse plant cover (Fig. 4c).
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Table 1
Geometric properties of the simulated rocks

No X (length)

m

Y (width)

m

Z (height)

m

Volume

m³

Mass

kg

Rock shape

R1 3.2 2.5 1.5 7.96 21485.4 Equant

R2 2.0 1.8 1.0 1.545 4172.5 Equant

R3 1.5 1.6 1.2 0.719 1941.7 Real long

R4 1.42 1.23 1.0 0.95 2565.2 Real Equant

R5 1.2 1.4 0.8 0.925 2497.8 Real Flat

R6 1.5 1.25 1.0 1.124 3035.6 Equant

R7 1.5 1.25 1.0 1.124 3035.6 Equant

R8 1.22 1.17 1.0 0.687 1856 Real Flat

R9 0.96 1.16 0.98 0.464 1253.5 Real Long

R10 1.42 1.23 1.0 0.950 2565.2 Real Equant

R11 1.42 1.23 1.0 0.950 2565.2 Real Equant

R12 1.15 1.49 1.0 0.698 1.885 Real Long

R13 3.24 1.62 2.23 0.524 1414.1 Real Long

R14 1.56 2.01 1.35 0.719 1941.7 Real Long

R15 1.42 1.23 1.0 0.950 2565.2 Real Equant

R16 1.61 1.34 1.07 1.124 3035.6 Equant

R17 2.18 2.34 1.87 1.242 3352.4 Real Equant

3.3. Rockfall Hazard Index
Hazard mapping for rockfalls used the “Rockfall Hazard Index” (RHI) method (Crosta and Agliardi 2003).
In this method, the kinetic energy, jump height and block count features are noted and the RAMMS
program is used to create these basic parameters. Basic parameters are reclassi�ed within the scope of
hazards. During the reclassi�cation, the classi�cation values of Crosta and Agliardi (2003) were used.
Necessary classi�cations for kinetic energy, bounce height and block count values are presented in Table
1. For calculation of block count value, the c/(5*n) formula was used and then reclassi�cation was
performed. In the formula, c: rockfall count, and n: number of blocks launched from each cell value. The
values obtained within this scope were separately calculated for reach rockfall model with the results of
classi�cation of the 3 parameters combined to identify high-moderate-low hazard areas.
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Table 2
Classi�cation of parameters according to the rockfall

hazard index method (Crosta and Agliardi, 2003).
Class Block count

(local scale)

Kinetic energy

(kJ)

Jump height

(m)

1  0.01 ≤ 700 ≤ 4

2 0.01–0.1 700–2500 4–10

3  0.1 ≥ 2500 ≥ 10

Results
The heights of these blocks determined as a result of �eld studies varied from 0.8-2/23 m, with lengths
from 0.96–3.2 m and widths of 1.16–2.5 m (Fig. 6). According to models obtained by de�ning these
measured dimensions in the RAMMS program, the volumes of the blocks varied from 7.96 m3- 0.46 m3,
while masses varied from 214,485 kg-1253 kg. According to the measured values, the block shapes were
identi�ed as equant, real long, real equant and real �at. According to these features de�ned in the
RAMMS program, 100 repeats for each of the 17 blocks were modelled for a total of 1700 blocks. As a
result of this modelling, the kinetic energy (kJ), velocity (m/s), jump height (m) and rockfall hazard index
features were determined for each block.

Rocks display variations in the distance covered after falls linked to the shape and volume of the block, in
addition to being shaped by the features of the slope. As understood from the values obtained
accordingly, on vertical and high-slope areas where slope values are high but discontinuous, blocks stop
before being transported a very advanced distance. This situation is clearly observed for blocks R2, R3,
R5 and R6 and the slope values for these rocks are generally above 46°, equivalent to vertical slopes and
high cliffs. For rocks in areas where the slope values are continuous, blocks appear to be transported over
very long distances. As seen for blocks R1, R4, R6, R7, R8, R9, R10, R11, R12, R14, R15, R16, and R17,
variable rounding features are present according to the geometry of the blocks. Apart from this, R12 block
has a continuous slope pro�le; however, the block could not progress a long distance due to the different
shape (real long).

There is a parallel between the kinetic energy released and the volume and geometry of the block and the
continuity of slope values. Fall properties of blocks R2, R3, R4, R5 and R6 had mean 479 kJ kinetic
energy, rising to a maximum of 1183 kJ. Other rocks with more rounded features (R1-R6-R7-R8-R9-R10-
R11-R12) had mean 726 kJ kinetic energy reaching a maximum of 3476 kJ (Fig. 7).

While the geometric properties of the rocks play an important role in their progression, the geomorphology
of the �eld in which the rockfall event occurs is also effective. Generally, the trajectories of blocks are
shown on red relief images in order to better understand the slope features and general topographic
characteristics of the study area in general. Accordingly, the modelling for R2, R3, R4, R5 and R6 appear to
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show they are channelled into valleys and do not reach the settlement area and model results generally
end in the middle of the valley. Apart from these, it appears that modelling of blocks with lower slope
rates and without narrow or deep values in geomorphological terms affect settlement areas more and
leave them at risk (Fig. 7).

Just as the geometric shapes of rocks and slope features of the area affect the kinetic energy, they
directly affect the rock velocity and the bounce height. Generally, high velocities and jump heights are
equivalent to areas where kinetic energy reaches maximum levels. As a result of modelling for 17
different rock blocks, maximum velocities were 8.1–23.1 m/s. Maximum bounce heights varied from 1.9
m to 14.5 m (Table 1). The block with lowest value appeared to be block number R4 with real �at
geometry (Table 2).

4.1. Rockfall Hazard Assessment
The trajectories and values emerging as a result of block modelling involve great hazards for settlement
units. Rockfalls from vertical and close-to-vertical steep slopes generally stop on roads and there is no
contact with settlement units. However, apart from blocks number R2, R3 and R5, it appears that damage
to residential units is unavoidable in modelling of the rockfall of 14 different blocks. Apart from these,
blocks with rounded features cause some completely different outcomes to emerge. These rocks have
very high-risk status due to being transported over long distances. It appears they may cause great
damage and even loss of life due to high energy, velocity and bounce features. The hazard status
emerging as a result of modelling of blocks identi�ed based on �eld studies in the study area are
included in Table 2.
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Table 2
Results for blocks with fall hazard (H: House, T: Tree, R: Road)

No Max. kinetic
energy (kJ)

Max. velocity
(m/s)

Max. jump
height (m)

Max. distance
travelled

(m)

Element at
risk

R1 3476.8 16.73 5.25 127.5 H,T,R

R2 1183.5 14.53 4.25 85 T,R

R3 160.6 10.15 2.27 97 H,T,R

R4 383.1 16.46 5.75 112 H,T,R

R5 90.6 8.17 1.99 75  

R6 581 17.9 9.02 87 H,T

R7 131 17.19 8.71 55 Abandoned
H

R8 397.5 19.93 7.83 120 H,T,R

R9 185.2 16.51 6.84 85 H,T,R

R10 285.4 13.71 6.05 84 H,T,R

R11 701 23.1 14.57 87 H,T,R

R12 166 12.06 4.1 56 H,T

R13 630 8.74 4.55 34 H

R14 441 13 6.23 45 H

R15 312 14.63 6.42 67 H,T,R

R16 257.4 10.61 3.04 53 H,T

R17 1737.6 16.05 10.1 70 H,T,R

According to the hazard map, modelling of rocks R6, R12, R13, R14, R15, R16 and R17 show the majority
of high and moderate risk areas are settlement areas. Modelling of blocks R1, R4, R7, R8, R9 and R10
show the majority involve low hazard, while a small portion involve moderate degree of hazard (Fig. 8).

Conclusion
In this study, 17 rock blocks determined to have high hazard and risk in �eld studies were modelled for
rockfall risk with high resolution UAV-DEM data for Hacıabdullah village, where rockfall events are
continuously experienced. According to the model results, the maximum kinetic energy was identi�ed as
3476 kJ, maximum velocity was 23.1 m/s and maximum jump height was 14.57 m. These values show
variation according to the general slope values for the study area, the slope pro�le and geomorphology of
the rockfall area, and the geometry and volume of the blocks. Blocks may travel very long distances in
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regions with slope values below 46°, while blocks stop on slope breaks without travelling long distances
when slope values are from 46–90°. Models for blocks channelled into valleys ended within the valley.
However, models for rocks found on ridges show large areas are threatened. According to the hazard
map, blocks R6, R12, R13, R14, T15, R16 and R17 involve high and moderate levels of risk for settlement
units. Taking the necessary precautions for the determined risk areas has vital importance due to the
frequent experience of rockfalls in the area. The model outcomes should be considered when taking the
necessary precautions. In conclusion, in Hacıabdullah village where rockfall events are actively
experienced, risk for settlement areas and the spatial distribution of this risk were accurately revealed by
�eld study results and rockfall models completed with a high-resolution digital elevation model produced
with the aid of a UAV. These results have great importance in terms of taking the necessary precautions.
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Figures

Figure 1
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a-c) Location of the study area and (d) oblique aerial photograph of the study area.

Figure 2

Fallen blocks in different sections of the village
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Figure 3

General �owcharts for DSM and orthomosaic generation steps

Figure 4
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a) Obtaining stereo images of the planned �ight path and location b) view represents the area of each
image taken along the �ight path and point cloud c) The orthomosaic images obtained from
photogrammetric processing d) Digital surface model of the study area (3 cm resolution).

Figure 5

Red Relief Image Map (RRIM) of the study area and distribution of rocks identi�ed in �eld studies
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Figure 6

Photographs of rocks identi�ed in �eld studies and model forms of these rocks in the RAMMS program
according to dimensions measured in the �eld.
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Figure 7

Trajectory and kinetic energy results for the 17 blocks
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Figure 8

Rockfall Hazard Index for each block.


