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Abstract 

Rockfall is one of the most dangerous hazards in mountainous and hilly areas. In this study, rockfall characteristics of the Kazıklıali 
Gorge (0.25 km2) in the lower Emli River Basin located in the SW part of the Aladağlar Mountains was investigated using unmanned 
air vehicle (UAV) technology and rockfall modeling. To determine rockfall properties, an orthophoto and digital surface model 
which have a 3 cm resolution were created using UAV images. Then, whole fallen blocks more than 0.5 m in diameter were digitized 
as polygons in GIS. As a result, 10,348 fallen rocks were determined in Kazıklıali Gorge. Via these polygons, density maps were 
created and frequency distributions were calculated. According to the spatial distribution of density, the geomorphological 
characteristics of the canyon affect the rockfall density. While the upper and middle parts of the canyon which are the narrowest have 
high density, the lower part of the valley which is the largest part has low density. The results of 3D rockfall analysis show that the 
maximum kinetic energy, maximum jump height and maximum velocity reaches 1400 kJ, 15 m and 32 m/s on the canyon walls, 
respectively. The upper and middle parts of the canyon walls which correspond to high rockfall density have maximum kinetic 
energy, rock jump height and rock velocity. 

Keywords: Rockfalls, Unmanned air vehicle (UAV), Orthophoto, Digital Elevation Model (DEM), Morphometric properties 

Introduction 

Landslides are geological natural disasters and they occur 
frequently in mountainous regions (Michoud et al. 2012; 
Giordan et al. 2015). Rockfall is one of the most 
catastrophic types of landslides (Porter and Orombelli 
1981; Whalley 1984; Flageollet and Weber 1996) and 
they mostly depend on slope instability. Rockfalls happen 
when blocks become detach through the increase of crack 
systems in blocks of rock (Giordan et al. 2015), especially 
on the steep slopes of hilly mountains (Michoud et al. 
2012; Giordan et al. 2015). They are mainly controlled by 
three types of factors, namely, 1) structural, 2) 
environmental and 3) anthropogenic factors (Ashfield 
2001). Structural factors refer to rapidly evolving gravity 
and slope rate properties (Whalley 1984; Flageollet and 
Weber 1996; Dorren and Seijmonsbergen 2003; Strunden 
et al. 2015; Pellicani et al. 2016). Environmental factors 
are dynamic processes such as climatic parameters; for 
example, freeze-thaw events (McCarroll et al. 1998; 
Matsuoka 1999; Youssef et al. 2015), seismic activity 
(Bull et al. 1994; Vidrih et al. 2001; Abebe et al. 2010; 
Youssef et al. 2015), the roots of plants and trees which 
develop in the cracks of rocks, and chemical rock 
weathering (Hoek, 2007; Yılmaz et al. 2008; Aydın and 
Eker 2017;). Anthropogenic factors include not only the 
exploding of mining excavations but also during the 
construction of roads that vibrate from vehicles so on. 
(Ashfield 2001; Dorren 2003; Vijayakumar et al. 2011; 
Cybulski 2014; Youssef et al. 2015).  

Depending on the impact of blocks on a slope's stability, 
rockfalls can be of various size and movement types, 
such as rock to toppling, falling, bouncing or rolling/
sliding (Erismann and Abele 2001). Accordingly, the size 
of the falling rocks varies from 1 m3 to 100 m3 and the 
velocity ranges from 1-3 m/s to 10 m/s (Cruden and 
Varnes 1996).  When we compare the movement of small 
pieces of rock with the overall rockfall, they are capable 
of rapid movement and a high degree of risk (Dietze et al. 
2017). Due to their velocity, rockfalls may be extremely 
dangerous to the environment and human life (Parise 
2002). Rockfalls may also threaten elements such as 
roads, settlements, transportation corridors, etc. (Binal 
and Ercanoǧlu 2010). For these reasons, rockfalls are 
among the most specific geomorphic process studied in 
the world (Chau et al. 2003; Dorren 2003; Schneuwly and 
Stoffel 2008; Mineo et al. 2018). Earthquakes, landslides, 
floods, rockfalls and avalanches are the most common 
types of natural disaster in Turkey (Şahin and Altın 
2016). Rockfalls occur especially in the spring and winter 
periods in Turkey because of precipitation and freeze-
thaw event cycles (Karaağaç, 2019). Rockfall 
corresponds to between 10% and 12% percent of the total 
damage caused by all natural hazards in Turkey (Kutluca 
2006; Binal and Ercanoǧlu 2010; Aydın et al. 2012). For 
example, 2956 rockfall events have taken place that 1703 
settlements were damaged and 19,422 people were 
affected in between 1950 and 2008 (Gökçe et al. 2008; 
Aydın et al. 2012). Therefore, rockfall is one of the most 
crucial  topics  for  scientists  in  many  areas  of  Turkey 
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(Topal et al.  2007, 2012;  Ulusay  et al. 2006; Aydın 
2007; Yılmaz et al. 2008; Zorlu et al. 2008, 2011; 
Tunusluoglu and Zorlu 2009; Binal and Ercanoǧlu 2010; 
Aydın et al. 2012; Keskin 2013; Zeybek and Şanlıoğlu 
2014; Topal and Hatipoglu 2015; Kaya and Topal 2015; 
Polat et al. 2016; Taga and Zorlu 2016; Gül et al. 2016; 
Dinçer et al. 2016; Török et al. 2017; Geniş et al. 2017; 
Aydın and Eker 2017; Kayabaşı 2018;  Ozturk et al. 
2019). In particular, the provinces of Sivas, Erzurum, 
Adıyaman, Nevşehir, Niğde, Kayseri and Artvin have the 
highest rockfalls risk (Ergünay 2007; Gökçe et al. 2008; 

Şener 2019). While most rockfall studies concentrate on 
urban settlements in hilly areas, rockfalls are occurring 
frequently on steep slopes in mountainous regions (Parise 
2002). In this study, the rockfall characteristics of the 
Kazıklıali Gorge (Taurus Mountains; Figure 1) were 
investigated using unmanned air vehicle (UAV) 
technology and rockfall analysis software (RAMMS). 
Although there is no settlement in the study area, it’s one 
of the most popular rock climbing areas in Turkey. 
Therefore, it is important to determine its rockfall 
characteristics and rockfall risk assessment. 

Figure 1. Location map of study area. (a) Simplified tectonic map of Turkey (Yıldırım et al. 2011. Arrows indicate 
the movement of lithospheric plates. Numbers on main fault zones are observed lateral slip-rates. NAFZ: North 
Anatolian Fault Zone, CAFZ: Central Anatolian Fault Zone, EAFZ: East Anatolian Fault Zone, WAEP: Western 
Anatolia Extensional Province, BZCZ: Bitlis-Zagros Convergence Zone). (b) Digital elevation model of Aladağlar 
Mountains and location of Emli River basin. (c) Drainage basin of Emli River and location of Kazıklıali Gorge. 
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Study Area 

Kazıklıali Gorge is found in the lower part of Emli River 
Basin located in the SW part of the Aladağlar Mts. (Figs. 
1c; 2a). The Aladağlar range is a large massif and is 
bordered by the left- lateral Ecemiş Fault corridor (Fig. 
1b). The geology of the Aladağlar is characterized by the 
presence of five carbonate nappes, which were thrust 
onto each other during the late Cretaceous period due to 
the closure of the northern branch of the Neo-Tethys 
Ocean (Özgül 1983; Tekeli et al. 1983). As a result of 
rapid uplifts, especially during the early Oligocene and 
the middle Miocene, the climate and topographic 
conditions of has changed of this area (Bayari et al. 
2019). These changes caused glaciation in the 
Quaternary (Altın 2003). During the Last Glacial 
Maximum (LGM), valley glaciers extended down to 
1500 m on the western flanks and 1100 m on the eastern 
flanks of the Aladağlar Mts. (Sarıkaya and Çiner 2017). 
During the LGM, freez-thaw processes was dominated 
the lower parts of the study area and surrounding. After 
LGM, continuous melting of glaciers on the western 
flank resulted in the formation of a large sandur deposit 
by alluvial fans extending over the Ecemiş Fault 
(Sarıkaya et al. 2015; Yıldırım et al. 2016).   

The Emli River Basin, which drains into Ecemiş River, 
covers 76.07 km² area and the elevation of the basin 
ranges from 1350 to 3723 m (Küçükemler Peak). The 
upper part of the basin is covered by glacial cirques 

formed during LGM.  Due to glacial and fluvial erosion, 
the valley is surrounded by steep slopes, especially in the 
upper part of the basin (Fig. 2b). Emli River basin consists 
mostly of limestone and the Quaternary alluvial fan (Emli 
Fan), which is mainly composed of well-lithified rounded 
to sub-rounded creamy white and dark gray limestone 
cobbles (Fig. 3e,f) in the lower parts of the basin (Figs. 2c, 
3). This fan is comprised of crudely stratified thick beds 
with a total thickness reaching up to about 80 m (Fig. 3b, c, 
d). The oldest fan surface sediments were deposited 97 ka 
ago during Marine Isotope Stage 5 (MIS 5) (Sarıkaya et al. 
2015) and Kazıklıali gorge was carved into this Late 
Quaternary alluvial fan of Emli River (Fig. 3). 

According to 25 years of data belongs to Çamardı 
Meteorology Station (1500 m) located 10 km west of the 
Kazıklıali Canyon, the average annual temperature and total 
precipitation are 8.9˚C and 328 mm. The highest 
precipitation is observed in April (48 mm) and May (46 
mm). July-September is the arid period and the mean total 
precipitation in this period is 7.4 mm/month. While the 
average temperatures are below zero during winter months, 
they rise to 20˚C during summer months. Maximum 
temperatures rise to 35˚C and minimum temperatures 
decrease to -25˚C during the summer and winter periods. 
Freezing occurs 102 days of the year according to minimum 
temperatures (Min<0°C). While the Aladağlar Mountains 
have a dry summer continental climate (Dsb), the Çamardı 
Station has a cold semi-arid climate (BSk) according to 
Köppen-Geiger classifications (Öztürk et al. 2017). 

Figure 2. a) Aerial photo showing Emli River basin and study area (photo courtesy of Turgut Tarhan) with (b) slope and (c) 
geology maps of Emli River basin. 
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Figure 3. Photos from the study area. (a) Climbers on rock surface (white arrows show climbers), (b, c, d) fallen rock 
blocks in gorge (white arrows show scale in c), (e, f) conglomeratic texture of fallen blocks in the gorge. 

Materials and Method 

Geographical Information Systems (GIS) play an 
important role especially in earth science which 
management and in mitigation, hazard and risk studies 
(Cancelli and Crosta 1994; Yılmaz et al. 2008; Antoniou 
and Lekkas 2010). Besides, in recent years unmanned 
aerial vehicles (UAV) have seen great improvements that 
offer enormous advantages for mapping and monitoring 
in a short period, mostly on a local scale (Boccardo et al. 
2015; Yusoff et al. 2018) and unmanned aerial vehicles 
have become widespread in different application areas. 
Like many important developments, UAV systems, which 
have been used mostly for military purposes, are now 
widely used in civilian applications recently (Erenoğlu 

and Erenoğlu, 2018). UAVs could be utilized for Earth 
observation, geomorphology, environment monitoring 
etc. UAVs are cheaper, smaller, lighter, practical and 
more user friendly than all other geoinformatics 
observation equipment. In addition to being able to 
provide many different equipment as a mobile operator 
with economic efficiency, it is preferred by researchers 
due to their many other features, such as UAV’s ability to 
provide high-resolution images. UAVs typically fly at 
low altitudes to obtain remote sensing data (Ollero and 
Merino, 2006). Although expectations produce 
advantages in the launch of a innovative technology, 
overly high expectations may have a unfavorable impact 
on knowledge implementation (Freeman and Freeland, 
2015; Bayırhan and Gazioglu, 2020). UAVs have also 
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been widely-used in natural hazard observations and 
rockfall risk assessment (Chou et al., 2010; Giordan et al. 
2015; Salvini et  al. 2017). The UAV allows us to obtain 
highly detailed information to determine and understand 
the spread of rockfall boulders (Van Veen et al. 2018). 
Furthermore, rockfall softwares are important in 
evaluating management risk resilience and hazard 
decrease, also in understanding the physical 
characteristics of a rockfall, such as its energy, velocity 
and runout distance.  
In this study, an orthophoto image created via UAV 
images was analyzed to determine the spatial distribution 
of rockfalls and their characteristics. Air photos were 
captured using DJI Phantom 4 advanced. In total, 553 
aerial photos from a height of 100 meters were collected 
via two planned drone flights with conventional parallel 
flight lines (Fig. 4a). Moreover, 15 ground control points 
(GCP) were marked before the drone flights. Then, an 
orthophoto and a DSM of 3 cm resolution were created 
with all the photos processed in Pix4D software (trial 
version; Fig. 4b). Only fallen rock blocks of more than 
0.5 m diameter in the valley were digitized as polygons in 
GIS software. By means of these polygons, density maps 

were created and frequency distribution was calculated 
(Fig. 5). For the density maps, the Kernel density 
estimation method was used. This method is often 
employed in visualizing and analyzing the spatial data of 
the point data.  Rockfall analyses were performed in the 
canyon based on RAMMS, which is mass movement 
software. The rockfall model based on RAMMS software 
(RAMMS-RockFall Module 1.6.70, 64 Bit) has many 
advantages for input to the DEM. RAMMS is a useful 
computer- based rockfall analysis 3D terrain model, 
enabling different rock mechanisms of the trajectories of 
different release point rockfall sources to be calculated. 
RAMMS can estimate kinetic energies, velocities, the 
jump heights of rockfalls, number of rock deposits, and 
statistical values (Vo, 2015). The RAMMS model takes 
into account different terrain types: soft, medium soft, 
medium, medium-hard, hard, extra hard and snow; which 
is modeled accurately (Bartelt et al., 2016) and controlled 
by digitizing in the polygons, as well as differentiating 
forest types. To evaluate the rockfall's kinetic energy, 
trajectories, velocity and jump height, were used a 1 m 
resolution DSM, which was created from the 3 cm-
resolution DSM. 

Figure 4. (a) Locations of aerial photos, ground control points, and flight plans. (b) Orthophoto of study area (UTM 
zone 36). 
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Results 
Distribution of rockfall 
According to the orthomosaic photo, the study area 
covers 0.25 km2 and is 1543 m in length in an east-west 
direction. The maximum and minimum widths of the 
canyon are 240 m and 60 m, respectively (Fig. 5b).   The 

central part of the canyon corresponds to the narrowest 
part. The average elevation of the study area is 1600 m 
and the elevation range is between 1527 and 1712 meters 
(Fig. 5a). The height of the canyon walls rises to 100 
meters (Fig. 5b). The canyon walls are very steep and the 
maximum slope values are 90° (Figs. 3 and 5). 

Figure 5. (a) Digital surface model of Kazıklıali Canyon (contour interval is 10 m) and (b) cross-sections. 

Figure 6. Spatial distribution of (a) rockfall blocks (b) rockfall density and (c) total surface area of the rockfall blocks. 
(d) Frequency distributions of the long axis and (e) surface area of the rockfall blocks.
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As a consequence of the digitizing, 10,348 fallen rock 
blocks more than 0.5 m in diameter were determined in 
Kazıklıali Gorge (Fig. 6a). Spatial distribution of the 
rockfall density and the total area of the fallen rocks are not 
homogenous. While the upper and middle parts of the 
canyon have high density, the lower part has low density. 
The width of the canyon is one of the important factors in 
this distribution since the upper and middle parts are 
narrow. Due to this, fallen rocks from two slopes combine 
in the central part (Figs. 6b; 8a, c, d). However, at the 
maximum width such as the lower (Fig. 6b) and uppermost 
parts (Fig. 8b), fallen rocks do not combine like the central 
part of the canyon (Fig. 8). In other words, a negative 
correlation is seen between canyon width and rockfall 
density. The spatial distribution of the total area has a 
similar distribution pattern (Fig. 6c). According to diameter 
frequency, 75.7% of fallen rocks have <2-m diameter and 
only 2.9% have ≥5 m diameter (Fig. 6d). Also, 78% of all 
fallen rocks have <2 m2 and only 10.2% have ≥5 m2 surface 
area (Fig. 6e).   
The lineaments on the canyon walls were digitized based 
on visual interpretation using high resolution orthophoto 

images. As a result, a totally 2174 lineaments were drawn 
(Fig 7a-b). The general orientation of all lineaments is 
WNW-ESE in direction (Fig. 7d). However, while the 
orientation of lineaments has WNW-ESE in direction at the 
upper and middle parts, it has a more heterogeneous 
direction at the lower part of the canyon. (Fig 7c). 

Rockfall Modeling 

The rockfall occurs frequently in Kazıklıali Gorge. The 
blocks break along the vertical cracks in conglomerates, 
fall over, and gather at places where the slope is less steep 
in the valley. The dimensions of these blocks reach 10 m 
(Fig. 3). Possible rockfall source points in the study area 
were determined using field studies and a digital surface 
model obtained by means of an unmanned aerial vehicle. 
In the entire canyon, heavily-dispersed rock falls are 
encountered (Fig. 6a). For this reason, all canyon walls 
were considered as possible rockfall areas. To achieve the 
maximum result, we started with blocks from the original 
canyon area with the highest slope values, i.e. which were 
probable sources. 

Figure 7. (a, b) The lineaments extraction based on orthophoto image and (c) spatial distribution of lineaments in the 
canyon and (d) general orientation of all lineaments in the canyon. 
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Figure 8. Examples of (a, b) maximum densities and (c, d) maximum total areas (Location of these photos is shown in 
Figure 6b,c). 

Rockfall modeling was performed at Kazıklıali Gorge 
using Rockfall module of rapid mass movement software 
(RAMMS). To evaluate the kinetic energy, trajectories and 
velocities and jump height of the rockfall, a 1-m resolution 
DSM was used which was coverted from the 3cm-
resolution DSM. In this study, the average of the rock 
boulders, ranging from 100 m3 to 2700 m3 and with a rock 
density of 2700 kg m3, was used to simulate the whole 
area. As well as this, input parameters of the hard terrain 
type were used in this study, based on their lithology type. 
The possible source of a rockfall area greater than the 
threshold of 55o was selected based on rockfall modeling 
of the slope angle corresponding to a high rockfall source 
area (Fig. 9). Each parameter required for modeling the 
rock falls was evaluated and prepared for modeling.  

Overall, 100 blocks were modeled at each 1000 source 
points along the valley walls to test the maximum energy, 
jump height and velocity. Since all canyon walls represent 

a possible area for rock climbing, results showed that 
rockfall velocities (m/s), kinetic energies (kJ) and rock 
jump heights (m) reached their highest level at the slope 
failure/inclination points (Fig. 9). 

According to the results of the rockfall analysis, the 
velocity range was from 0 to 32 m/s (Fig. 9a), kinetic 
energy 0-1400 kJ (Fig. 9b), and jump height 0-15 m (Fig. 
9c). The high rockfall hazard areas correspond to the 
steeper slope areas. Due to the geomorphology of the 
canyon, it can be seen on the highly sloping canyon edges 
that the middle of the valley, representing maximum 
velocity, energy and jump height, has minimum values. It 
is also observed that the low values indicate canyon 
outlets. Areas with steep slopes with high slope values 
correspond to the transport zone, while the middle of 
the valley where the slope values are low corresponds 
to the accumulation zone of rock falls. 
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Figure 9. RAMMS results: (a) rockfall source velocities (b) rockfall kinetic energies and (c) rockfall jump heights of 
different rock samples. 

The results of the RAMMS 3D simulation shows the 
trajectories spreading about 90 m from the source point 
(Fig. 10a) and descending between 1660 and 1580 m. Most 
of the trajectories stopped at the flat-surfaced middle part 
of the gorge (Fig. 10a). An example of the trajectory 
results shows that the transition zone represents high 
velocity, energy and jump. Also, the source of the rock 
area slides along the steep slope results in low energy, 
jump and velocity because of the friction (Chen et al. 
2013). 

However, the middle parts of the slope correspond to a 
steep slope and not much friction, which results in a high 
jump (Fig. 10a), velocity (Fig. 10b) and energy (Fig. 10c). 
The given cross-section of the trajectory shows two peak 
values, meaning that high slope values have a high jump 
height and kinetic energy and low friction. While the 
source and accumulation zone have high friction, the 
transition zone has low friction and high rock energy and 
velocity. 

)
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Figure 10. 3D simulation of block tested on trajectory simulator using RAMMS rockfall modeling in narrowest part of 
gorge: (a) jump height (b) velocity (c) kinetic rock energy. (d) Examples of rockfall kinetic energy, velocity and jump 
height obtained from a trajectory. 

Conclusion 

Until recently, most rockfall modeling studies were 
carried out with ±10 m resolution DEMs data using 
1:25000 scaled topographic maps. DEM data obtained 
from these topographic maps do not represent topography 
well, especially rockfall modeling studies. UAV 
technology provides improved high-resolution images 
DTM and DSM data compared with Topo DEM data. 
Besides, it represents topography well and detailed than 
Topo DEM. For this reason, UAV technology was used to 
generate high-resolution orthophoto and DEM data of the 
study area. In this study, rockfall modeling was performed 
at Kazıklıali Gorge using rockfall module of rapid mass 
movement software (RAMMS). ArcGIS 10.x software 
was also used to generate GIS data on the rockfall source 
area to identify terrain differences and produce a slope 
map. About 1000 rockfall source areas were identified 
based on the 3-cm resolution orthophoto and slope map. 
100 blocks were simulated based  on  each  of  the 1000 
source areas; this corresponds to 100,000 rockfalls being 
modeled in this study.  
To determine the spatial distribution and frequencies of 
the fallen rock blocks, an orthophoto image and a digital 
surface model of 3 cm resolution were used. As a result, 
10,348 fallen rock blocks of more than 0.5 m diameter 
were determined in Kazıklıali Canyon. Spatial distribution 
of the rockfall density and total area of the fallen rocks are  
not homogenous in the canyon. While the upper and 
middle parts of the canyon have a high density, the lower 
part has a low density.  The width of the canyon is an 

important factor in this distribution. This is due to the 
narrowness of the width of the upper and middle parts of 
the gorge; hence fallen rocks from two slopes combine in 
the central part. According to diameter frequency, 75.7% 
of fallen rocks have <2-meter diameter and only 2.9% 
have ≥5 m diameter. In terms of surface area, 78% of the 
fallen rocks have an area of <2 m2 and only 10.2% 
measure ≥5 m2.  Depending on the RAMMS results, the 
rockfall velocities, kinetic energies and rock jump heights 
reach their highest level at the slope failure/inclination 
points. The possibility of rockfalls is most likely where 
the gorge is at its narrowest and there are high, steep 
slopes. According to the results of our rockfall analysis, 
the velocity ranges from 0 to 32 m/s, the kinetic energy is 
0*1400 kJ and the jump height is between 0 and 15 m. In 
summary, the Kazıklıali Canyon can be considered a high 
rockfall hazard area in consequence of the high steep 
slopes, especially in the narrowest part of the canyon. 
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