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ABSTRACT 

This study evaluates the impact of using UAV-derived DSM data at different resolutions and with different rock 
block geometries on 3D rockfall modeling, a widely used approach in rockfall simulations. The study area, the 
Başköy settlement, is an active, rockfall-prone region and has been officially declared a disaster area due to 
ongoing rockfall events. The main objective of this study is to understand the effects of UAV-derived DSM data 
with resolutions of 25 cm, 50 cm, and 1 m, together with the use of rock blocks of different geometries, on 3D 
rockfall simulations. EOTA, Equant, and Elongated rock blocks were used in the study, and the volumetric and 
weight characteristics of these rock blocks were numerically similar to each other to some extent. A total of 9 
rockfall models were carried out using the RAMMS::Rockfall software. During the modeling process, 100 rock 
blocks were simulated from each source zone, for a total of 20,000 rock blocks. As outputs of the modeling, 
kinetic energy (kJ), velocity (m/s), jump height (m), and number of deposited rocks were obtained. Accordingly, 
the highest velocity and kinetic energy values were obtained using the 25 cm resolution DSM data, whereas 
the highest jump height value was only observed for the Equant rock block in the 50 cm DSM dataset. The 
lowest values were obtained from the 1 m DSM dataset because of its smoother, less detailed topographic 
representation. Using 4,299 fallen rock blocks identified from the orthomosaic data, the relationships among 
different number of deposited rocks datasets, heat maps, and modeled rock blocks were validated using 
distance-based analysis. Based on these analyses, the 50 cm DSM resolution and the Elongated block type 
produced the most accurate results. 

ÖZET 

Bu çalışma, kaya düşmesi simülasyonlarında yaygın olarak kullanılan 3 boyutlu (3D) kaya düşmesi modellemesi 
üzerinde, İHA (İnsansız Hava Aracı) temelli farklı çözünürlükteki Sayısal Yüzey Modeli (SYM) verilerinin ve farklı 
kaya bloğu geometrilerinin etkilerini değerlendirmektedir. Çalışma alanı olan Başköy yerleşimi, aktif bir kaya 
düşmesi bölgesi olup, süregelen kaya düşmesi olayları nedeniyle resmî olarak 'Afete Maruz Bölge' ilan 
edilmiştir. Çalışmanın temel amacı; 25 cm, 50 cm ve 1 m çözünürlükteki İHA temelli SYM verilerinin, farklı kaya 
bloğu geometrileriyle birlikte 3D kaya düşmesi simülasyonları üzerindeki tekil ve birleşik etkilerini anlamaktır. 
Modelleme kapsamında test bloğu (EOTA), Equant (Eşkenar boyutlu) ve Elongated (Uzunlamasına) kaya bloğu 
geometrileri kullanılmış; bu blokların hacimsel ve ağırlık karakteristikleri sayısal olarak birbirine yakın 
tutulmuştur. RAMMS::Rockfall yazılımı kullanılarak toplam 9 farklı kaya düşmesi senaryosu modellenmiştir. 
Modelleme kapsamında, her bir kaynak alandan 100 kaya bloğu bırakılmış ve toplamda 20.000 kaya bloğu 
simüle edilmiştir. Modelleme sonucunda temel kinematik parametreler olan kinetik enerji (kJ), hız (m/s), sıçrama 
yüksekliği (m) ve duran (depolanan) kaya bloklarının mekânsal dağılımı elde edilmiştir. Elde edilen bulgulara 
göre, en yüksek hız ve kinetik enerji değerlerine 25 cm çözünürlüklü SYM verisiyle ulaşılırken, en yüksek sıçrama 
yüksekliği yalnızca 50 cm çözünürlüklü SYM veri setindeki 'Equant' kaya bloğunda gözlenmiştir. Topografyayı 
daha pürüzsüz ve daha az detaylı yansıtması nedeniyle en düşük değerler, 1 m çözünürlüklü SYM veri setinde 
ortaya çıkmıştır. Ortomozaik verileri üzerinden haritalanan 4.299 gerçek kaya bloğu referans alınarak, farklı 
modelleme sonuçlarına ait depolanan kaya bloklarının sayısı ve modellenen kaya blokları arasındaki ilişkiler 
mesafe tabanlı analizlerle doğrulanmıştır. Yapılan doğrulama analizleri sonucunda, saha verileriyle en uyumlu 
ve en doğru sonuçların 50 cm SYM çözünürlüğü ile 'Elongated' blok tipinde elde edildiği belirlenmiştir. 

© 2026 Jeomorfoloji Derneği / Turkish Society for Geomorphology 
Tüm hakları saklıdır / All rights reserved. 
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1. INTRODUCTION 

Rockfalls are among the most dangerous types 
of mass movements and natural hazards, 
frequently occurring instantly under various 
conditions in many regions of the world, 
especially along steep, high-gradient slopes 
(Guzzetti et al., 2004; Alvioli et al., 2021; Alvioli 
et al., 2023). Rockfall events also observed in 
high, rugged terrain and along cliffed coastlines 
are occurring with increasing frequency (Sarkar 
et al., 2024). They impose significant pressure 
on infrastructure, environment, and 
transportation corridors, causing serious 
problems that can even reach catastrophic 
levels, resulting in loss of life (Alvioli et al., 
2021; Milan et al., 2023). Rockfall events can be 
influenced by a wide range of factors; such as 
freeze–thaw processes, day–night temperature 
differences, and changes in the frequency and 
intensity of precipitation have intensified with 
global climate change and, together with 
anthropogenic factors, have led to more 
frequent rockfall events (Volkwein et al., 2011; 
Hungr et al., 2014). Therefore, understanding 
the hazard and risk potential associated with 
rockfall events is critical for implementing 
necessary preventive measures (Milan et al., 
2023; Lanfranconi et al., 2023; Massaro et al., 
2024). In this context, identifying the hazard 
and risk dynamics or potentials of rockfalls 
involves a multi-stage process, including the 
determination of block geometries, stability 
conditions, and source zones, as well as the 
identification of failure mechanisms of the 
slopes generating these events (Corominas et 
al., 2014; Mavrouli et al., 2015; Kakavas & 
Nikolakopoulos, 2022).  
Considering the geological and topographic 
characteristics of the terrain where rock blocks 
are located, as well as their geometry and 
volume (Ulamış, 2026), a rock block that 
detaches rapidly under gravity undergoes a 
combination of free fall, bouncing, rolling, and 
sliding (Varnes, 1978). To better understand this 
behavior, many software have been used for 
rockfall modeling at different spatial scales, 
which are widely used and generally conducted 
using 2D (two-dimensional) and 3D (three-
dimensional) approaches (Loye et al., 2009; 
Žabota et al., 2019). 2D models typically 
simulate the motion of a single rock block along 

predefined profiles and are limited to cross-
sectional analyses. Thus, they are unable to 
represent the spatial distribution of rockfall 
trajectories across the entire study area (Ulamış, 
2026). For this reason, 3D rockfall models have 
been preferred due to the high surface 
roughness in complex topographies (Crosta et 
al., 2015; Vagionakis et al., 2026). 3D rockfall 
modeling provides significant advantages for 
better understanding these patterns and for 
effectively evaluating the uncertain conditions 
generated by falling rock blocks (Lan et al., 
2010; Akın et al., 2021). This is because outputs 
from 3D modeling, such as the number of 
simulations, rock block types, rockfall source 
line determination, and resulting kinetic energy, 
velocity, and jump heights, are highly valuable 
for hazard and risk assessment and 
geomorphological studies (Utlu et al., 2020b; 
Sarro et al., 2025). Moreover, these models 
provide critical insights into the attenuation 
behavior, trajectories, and spreading patterns of 
falling blocks, which constitute essential inputs 
for such (Carlà et al., 2019; Gallo et al., 2021; 
Sarkar et al., 2024).  
Although 3D modeling provides powerful tools, 
interpreting model outputs can be problematic 
when input data are not precisely defined 
(Crosta et al., 2015). Therefore, in rockfall 
modeling, data acquired from platforms such as 
UAVs, LiDAR, and TLS, with centimeter-level 
accuracy and resolution, provide significant 
advantages in complex terrains (Utlu et al., 
2020a; Vagionakis et al., 2026). Because it is so 
important to understand rock block behavior. 
Especially, their trajectories, attenuation 
characteristics, and deposition zones (Crosta et 
al., 2015). Thus, detailed surface data, essential 
base layers in rockfall modeling, are for 
designing appropriate mitigation measures and 
preventive engineering structures (Abellan et 
al., 2006; Jaboyedoff et al., 2012; Chatziangelis 
et al., 2025). Furthermore, such highly detailed 
and high-resolution topographic data are also 
important for accurately representing existing 
surface features, both because these elements 
may act as natural barriers influencing the 
current frictional conditions and because they 
contribute to the accurate implementation of 
the modeling process (Crosta et al., 2015). 
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Despite all these critical processes and the 
widespread application of 3D modeling based 
on high-resolution DSM data today, the 
question of what centimeter- or meter-level 
resolution should be used still remains 
unanswered. In addition, another important 
issue that requires clarification concerns the 
purpose for which different rock block types 
should be preferred and utilized during the 
modeling process. In this context, several 
studies in the international literature have 
addressed this issue. (Bartelt et al., 2016; Bühler 
et al., 2016; Žabota et al., 2019; Caviezel et al., 
2021; Kakavas et al., 2022; Ringenbach et al., 
2023; Utlu & Şimşek, 2025; Arsenith, 2025; 
Zengin & Ulamış, 2025).  
This study aims to investigate the effects of 
DSM data at different resolutions and rock block 

types on rockfall modeling and to reveal the 
complex nature and behavioral characteristics 
of rockfall events using Rapid Mass Movement 
(RAMMS:: Rockfall) software. Within this scope, 
UAV-derived DSM datasets with resolutions of 
25 cm, 50 cm, and 1 m, together with EOTA, 
Equant, and elongated rock-block geometries, 
were used. Furthermore, this study differs from 
many previous studies by using three high-
resolution UAV-DSM datasets and three rock 
block geometries. In addition, the results were 
validated for accuracy using rock blocks 
observed in the field. In addition, based on the 
obtained results, an attempt was made to 
determine the most suitable resolution and 
block geometry for modeling complex 
topographies.  

 

Figure 1: The location of the study area.

2. METHODOLOGY 

2.1. Study Area 
The study area is located in the Soğanlı Valley, 
within the Başköy Neighborhood of the 
Yeşilhisar district in Kayseri, situated in the 
Central Anatolia Region of Türkiye (Figure 1). 
The study area, located along the Yeşilhisar–

Derinkuyu road, is bordered by Yeşilhisar to the 
east, Derinkuyu to the west, Ürgüp to the north, 
and Niğde to the south (Figure 1). The region 
has been exposed to rockfall events up to the 
present day. As a result of these events, 13 
houses were destroyed in 1963, 31 in 1993, 11 
in 2008, and 57 in 2013 (AFAD, 2021). Due to 
these incidents, the Başköy settlement was 
declared a disaster area in 2011 by the Disaster 
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and Emergency Management Presidency 
(AFAD). Despite being designated as a disaster-
prone area, habitation still continues within and 
around the study area today. Within the 
boundaries of the Başköy settlement, the Saint 
George Church, dating back to the 13th century, 
as well as rock-carved structures and former 
Greek settlements, are under protection status 
due to their cultural heritage significance 
(Figure 1), and these structures are being 
damaged by rockfall events (Figure 2(a)–(e)). 
Therefore, evaluating and assessing the rockfall 
potential of the area is of great importance. 
Lithologically, the area is composed of Late 
Miocene ignimbrite units (Erol, 1983). These 
ignimbrites represent the earliest products of 
the volcanism that began in the Upper Miocene 
in Mount Erciyes. The tuff–ignimbrite sequence 
is the most widespread unit formed during the 
initial volcanic phase (Sür, 1972; Figure 3(a)). 
The tuffs and ignimbrites in the area are locally 

deeply incised. As a result of the dissection of 
ignimbrite plateaus, cornices and steep slopes 
are observed, especially in areas where 
resistant ignimbrites occur at the upper levels 
(Somuncu, 1988; Pasquare, 1988).  The overall 
stratigraphy has very steep slopes (90°; Figure 
3(b)). The presence of slope gradients up to 90° 
and the structural weakness of ignimbrites 
result in inevitable, ongoing rockfall. Thus, the 
study area represents an important case site in 
Başköy for understanding both the effects of 
high-resolution DSM data and the influence of 
different block geometries. Between the 
ignimbrite levels, lacustrine deposits are also 
present. These deposits can reach several 
meters in thickness, further increasing the 
instability of the Kızılkaya ignimbrite and 
contributing to rockfall events. The underlying 
unit is the Cemilköy ignimbrite. Between the 
ignimbrite layers, volcanosedimentary units are 
also present, including fallen blocks and slope-
debris deposits (Figure 3(a)-(b)).  

 

Figure 2: (a)–(b) The Başköy settlement, a 1st-degree protected archaeological site located on steep slopes and 
exposed to significant rockfall hazard and risk; (c)–(d) Rock blocks detached from ignimbrites with slope angles 
up to 90° and thicknesses of 10–15 m., (f) Dense point cloud and textured mesh representation of the study area. 
 

2.2. Preparation of spatial database for 3D 
Rockfall Modeling  
The workflow developed to evaluate the effects 
of different DSM resolutions and rock block 

geometries within the scope of 3D rockfall 
modeling is presented in Figure 4. 

Field survey and identification of source 
areas: Field investigations were conducted to 
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identify active rockfall source zones. During 
these surveys, detailed observations of fallen 
rock blocks were conducted, including their 
geometric characteristics and lithological 

properties. Based on these observations, 
potential source areas and representative block 
characteristics were defined for modeling. 

 
Figure 3: (a) General lithology of the study area (adapted from Atabey, 1989; modified from the 1:100,000 scale 
MTA Geological Map Series, L33 Sheet), (b) Oblique stratigraphic view obtained from UAV image; white line 
Kışladağ limestone, black line is Kızılkaya ignimbrite, and source area zone, green line is lacustrine sediments, 
blue line is volcanosedimantary line, and red line is Cemilköy ignimbrite.  
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Figure 4. The general flowchart of the rockfall modeling. 
 

Determination of block size and geometric 
characteristics: Based on field observations, the 
use of rock blocks with realistic geometries is 
critical for rockfall modeling (Öztürk et al., 
2022). For this purpose, large-volume blocks 
(elongated) were selected based on field 
observations of fallen rock blocks. Also, two 
different rock blocks were selected from the 
RAMMS: Rockfalls Library, together with an 
elongated block, to get a different scenario. 
Thus, the use of large-volume blocks in the 
modeling process enabled the determination of 
maximum possible values, such as velocity and 
kinetic energy.  
UAV-DSM generation: A DJI Phantom Pro+ 
device was used to produce high-resolution 
DSM and orthomosaic datasets. Prior to the 
flights, ground control points (GCPs) were 
established. Within a 20 ha area, 420 stereo 
images were collected at an altitude of 100 m 
with a 70% overlap ratio. The trial version of 
Pix4Dmapper was used to generate the DSM 
and orthomosaic datasets. The horizontal 
accuracy of the DSM (RMSE_XY) was ±2.5 cm, 
while the vertical accuracy (RMSE_Z) was ±3.8 
cm.  

Rockfall modeling: RAMMS:: ROCKFALL 
2.0.10 software was used to model 3D DSMs 
and 3 block types. In this context, DSM data and 
terrain properties (bedrock) were used as input 
datasets. 
Modeling outputs: As a result of simulations 
with three different rock block types, outputs 
included kinetic energy (kJ), jump height (h), 

velocity (m/s), and the number of deposited 
rocks. 
2.3. 3D Rockfall Simulations using RAMMS: 
Rockfall 
The RAMMS: Rockfalls is one of the 3D rockfall 
software which widely preferred hazard and risk 
assessment hilly and mountainous region in the 
world (Schraml et al., 2015; Wendeler et al., 
2017; Caviezel et al., 2019; Bolliger et al., 2024; 
Jacobs et al., 2026). In this study, RAMMS, 
rockfall software, was also used to create 3D 
models of rock blocks at different resolutions, 
DSM data, and block types in the study area. The 
RAMMS: Rockfalls software performs 
simulations by considering both the 
translational and rotational motions of falling 
rock blocks. The algorithm used in the modeling 
process is rigid-body dynamics. This algorithm 
accounts for the conversion of kinetic energy 
into rotational energy during the interaction 
between the falling rock block and the ground 
surface (Christen et al., 2014; Vo, 2015). The 
RAMMS Rockfall program requires several input 
datasets and parameters to perform rockfall 
simulations. These include: (i) ground surface 
properties, which play a critical role in 
controlling rock block movement and energy 
dissipation during rockfall events; (ii) the 
geometry and numerical characteristics of rock 
blocks; (iii) forest cover, which can act as an 
effective natural barrier by rapidly dissipating 
the energy of falling rock blocks. Therefore, the 
presence or absence of forest cover within the 
modeling area must be identified; (iv) a Digital 
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Surface Model (DSM); (v) source zone lines 
representing potential rockfall initiation areas; 
and (vi) the number of simulations assigned to 
the source zones. Within the scope of this study, 
the rockfall modeling was performed using 
bedrock surface properties, rock block 
geometries (EOTA, Equant, and Elongated), 
forest cover (open forest with sparse density), 
DSM datasets with spatial resolutions of 25 cm, 
50 cm, and 1 m, and source zones. These 
datasets were derived from high-resolution 
orthomosaic imagery and incorporated into the 
modeling process. Within this framework, UAV-
derived DSMs at resolutions of 25 cm, 50 cm, 
and 1 m were used (Figure 5), while the rock 
block types employed in the simulations are 
shown in Figure 5 and Table 1. The Kızıldağ 
ignimbrite formation represents the lines that 
serve as sources of rockfall events. The 
identification of the source zones was carried 
out through field investigations and, more 
extensively, through orthomosaic imagery, as 
the source zones were clearly identifiable. 
These lines correspond to very steep slopes 
with inclinations reaching up to 90°. A total of 
200 source points were automatically 

generated within the polygon-defined source 
zones, and 100 rock blocks were released from 
each point. Thus, the maximum trajectory 
distributions of a total of 20,000 rock blocks 
were investigated. In this way, 3D modeling was 
performed using DSM datasets at three different 
resolutions, and rock blocks with three different 
geometries, but with similar weight and volume 
characteristics. Within this context, the 
behavior of different rock block types under 
varying resolutions was evaluated. Particular 
attention was given to assessing the influence 
of high-resolution DSM data on rockfall 
modeling in highly complex topography. This is 
because high-resolution datasets possess very 
detailed and rough surface characteristics, 
which have a critical impact on rockfall 
behavior. Therefore, the study not only 
evaluated scenarios involving DSM datasets at 
different resolutions but also included scenarios 
modeling different rock block types. The rock 
blocks considered in the analyses weighed 
approximately 10.6–13.5 tons, had volumes of 
3.94–5.03 m³, and had a density of 2700 kg/m³ 
(Table 1). 

 

Figure 5: Different resolution UAV-DSM (a) 25 cm, (b) 50 cm, and (c) 1 m; (d) and sample area. 
 

2.4. Rock Blocks Used in the Modeling 
In 3D rockfall modeling, the selection of rock 
block geometry directly affects the modeling 
results. In particular, not only the geometry of 

the rock blocks but also their volume and 
weight characteristics are of great importance. 
These properties influence the behavior of the 
rock blocks during their fall and may either 
facilitate the understanding of their 
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propagation and attenuation trajectories or 
make them even more complex. Therefore, the 
selection of appropriate rock blocks is essential 
for obtaining reliable results (Dorren and 
Kühne, 2016; Mary Vick et al., 2019; Torsello et 
al., 2021; Utlu et al.,  2021; Utlu et al., 2023). In 
this study, three different block types were 
included in the modeling process. These block 
types are (a) EOTA, (b) Equant, and (c) Elongated 
(Figure 6). Considering three different block 
types was preferred to eliminate modeling 
limitations that could arise from using a single 
block geometry. The elongated block type was 
selected by considering the geometric 
characteristics of falling blocks (Figure 7). This 
block type was chosen to obtain more realistic, 
accurate modeling results and represents the 
blocks formed by rockfall events on the 
ignimbrites in the study area. The attribute 
information of the blocks used in the 
simulations is presented in Table 1. 

a) EOTA: It has more chamfered corners and a 
more circular concrete-block geometry, and it is 
commonly used for testing barrier performance. 
Due to its structural characteristics, this rock 
block can easily overcome surface roughness. 
(Ringenbach et al., 2023). 
b) Equant: A rock block characterized by 
geometrically similar dimensions and 
commonly encountered in more circular, 
naturally occurring rockfall events. Due to its 
geometry, it has a stable and predictable 
trajectory (Glover et al., 2012; 2015). 
c) Elongated: This rock type represents the 
ignimbrite blocks observed in the study area 
and exhibits a geometry that is almost similar 
to the direct toppling failure type. It is 
characterized by one dominant axis, with a 
longer dimension of approximately 1.5 m 
(Glover et al., 2015). 

 
 

Figure 6: The rock block types used in the 3D rockfall simulations: (a) Eota, (b) Equant, and (c) Elongated. 
Table 1: Geometrical and physical properties of modeled rock blocks derived from RAMMS: Rockfall software 
library 

Rock type Density Dimensions (X, Y, Z) Volume Mass 

EOTA 2700.0 kg/m3 1.62 m x 1.62 m x 1.62 m 4.25 m3 11475 kg 

Equant 2700.0 kg/m3 2.08 m x 1.74 m x 1.39 m 5.03 m3 13581 kg 

Elongated  2700.0 kg/m3 2.00 m x 1.47 m x 1.34 m  3.94 m3 10638 kg 

 

2.5. Validation Approach: Pixel-Based and 
Distance-Based Methods 
The validation of model results obtained at 
different DSM resolutions and rock block 
geometries was assessed by their spatial 
agreement with observed rockfall blocks in the 
field. In this context, both pixel-based and 
distance-based validation approaches were 
applied to assess model performance. 
Accordingly, the pixel-based validation method 
is defined as follows (Eq.1): 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦௣௜௫௘௟ =
𝑁௖௢௥௥௘௖௧

𝑁௧௢௧௔௟
∗ 100 (𝐸𝑞 1). 

Ncorrect: represents the total number of observed 
rockfall blocks 
Ntotal: represents the total number of observed 
rockfall blocks 
For this purpose, the modeled deposition 
outputs (number of deposited) and the point-
based dataset of observed rockfall blocks, 
digitized from orthomosaic imagery, were used. 
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Within the pixel-based validation approach, the 
point-based observed rockfall data were 
spatially overlaid with the modeled deposition 
outputs. Each observed rock block was matched 
to its corresponding modeled deposition pixel, 
enabling the spatial relationship between 
model-defined deposition areas and observed 
rockfall occurrences to be evaluated. In the 
distance-based validation approach, buffer 
zones with distances of 1 m, 2 m, 5 m, and 10 m 
were generated around the modeled deposition 
areas. The number of observed rockfall blocks 

located within these buffer zones was then 
calculated and expressed as a proportion of the 
total number of observed rockfall blocks. 
Accordingly, the distance-based validation 
metric is defined as follows (Eq. 2). 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦௕௨௙௙௘௥ =
𝑁ௗ

𝑁௢௕௦
∗ 100 (𝐸𝑞 2). 

Nd: number of observed rockfall blocks located 
within the buffer distance 𝑑(1, 2, 5, and 10 m) 
Nobs: total number of observed rockfall blocks 

 

Figure 7: Elongate rock blocks example observed in the deposition area of the study area. 
 

3. FINDINGS 

Within the scope of 3D rockfall modeling using 
RAMMS, key parameters describing rockfall 
dynamics were derived by incorporating 
different block geometries and DSM 
resolutions. These parameters include kinetic 
energy (kJ), rock velocity (m/s), jump height (m), 
and the number of deposited blocks, which 
indicates the locations where rock blocks come 
to rest. Model outputs were analyzed separately 
by block geometry and DSM resolution. A total 
of 9 modeling scenarios were conducted, 
combining 3 block geometries with 3 DSM 
resolutions. For each model, 20,000 rock blocks 

were simulated, resulting in a total of 180,000 
modeled rock blocks. Thus, the simulations 
were conducted to determine the maximum 
probability of rock-block trajectories and 
behaviors during descent. The modeling 
process was performed using hardware 
equipped with a 32-core AMD Ryzen 9955HX3D 
processor and 64 GB DDR5 (5600 MHz) RAM. 
3.1. Kinetic Energy (kJ) 
The kinetic energy values obtained from the 
three different rock block types show clear 
differences. Accordingly, the highest maximum 
kinetic energy values across all block types and 
all resolution levels are observed in the EOTA 
block type. These values are 3925 kJ at 25 cm 
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resolution, 3718 kJ at 50 cm resolution, and 
3203 kJ at 1 m resolution. For the Equant rock 
block type, the kinetic energy values are 3203 

kJ at 25 cm, 3440 kJ at 50 cm, and 3488 kJ at 1 
m resolution (Figure 8 (a), (b), (c)). 

 

Figure 8. Spatial distribution of kinetic energy derived from rockfall simulations for different UAV-derived DSM 
resolutions and block geometries: (a) EOTA, (b) Equant, and (c) Elongated. 
 

Among the three different rock block types, the 
elongated block type exhibits the lowest kinetic 
energy values. This is because the elongated 
block better represents the geometry of the 
blocks observed in the field. In addition, due to 
its geometry, it has a larger contact surface with 
the ground. The kinetic energy values for the 
elongated block are 2488 kJ at 25 cm, 2384 kJ 
at 50 cm, and 2470 kJ at 1 m resolution. Overall, 

the kinetic energy values across different 
resolutions are 722 kJ for the EOTA block type, 
285 kJ for the equant block type, and 170 kJ for 
the elongated block type. This indicates that the 
EOTA block type is the most sensitive to 
resolution differences. The spatial distribution 
of kinetic energy within the study area is higher 
in regions with steep slopes and decreases as 
the slope becomes gentler. In terms of block 
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types, the distribution generally shows similar 
patterns across the area due to geometric 
characteristics. While the equant block type 
varies depending on slope changes, the energy 
distribution of the elongated block type is 
influenced by both its geometry and the 
geomorphological characteristics of the terrain, 

leading to localized concentrations in certain 
areas. In terms of resolution, at 25 cm 
resolution, the maximum energy distribution is 
more uniformly spread across the study area, 
whereas this pattern changes as the resolution 
decreases. 

 
Figure 9. Spatial distribution of rockfall velocity for different UAV-derived DSM resolutions and block geometries: 
(a) EOTA, (b) Equant, and (c) Elongated. 
 

3.2. Velocity (m/s) 
Velocity data from rockfall modeling at 
different resolutions indicate that velocity 

varies considerably across rock block types 
(Figure 9 (a), (b), (c)). This pattern is similar to 
that observed in the kinetic energy results. 
Among the modeling results for the three 
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different rock block types at three different 
resolutions, the highest maximum velocity 
values were observed in the EOTA block type. 
These values were 29.3 m/s at 25 cm resolution, 
26.5 m/s at 50 cm resolution, and 24.5 m/s at 1 
m resolution. For the equant rock block, the 
corresponding values were 28.4 m/s at 25 cm 
resolution, 27.2 m/s at 50 cm resolution, and 
23.8 m/s at 1 m resolution. For the elongated 
rock block, the values were 27 m/s at 25 cm 
resolution, 27.5 m/s at 50 cm resolution, and 
24.3 m/s at 1 m resolution. In parallel with the 
decrease in resolution, a linear decrease in 
velocity values was also observed. When the 
maximum velocity values are evaluated, it can 
be seen that the EOTA block type achieved the 
highest velocities due to its rounded geometry, 
which results in limited surface contact. In 
contrast, the elongated rock block structure, 
which is more realistic and has a greater surface 
area, did not exhibit significant variations in 
velocity. Therefore, the distance and duration 
between the falling and damping processes of 
the rock blocks were relatively short. As a result, 
the maximum velocity values at 25 cm and 50 
cm resolutions remained nearly the same, 
whereas a partial decrease occurred in the 1 m 
DSM data, where the surface became smoother, 
and topographic details were reduced. Based on 
the spatial distribution of the velocity data, rock 
blocks reached higher velocities on steeper 
slopes. In areas where the slope decreased, 
velocity values also decreased. 
3.3. Jump height (m) 
The variations observed across the nine jump-
height datasets generated within the scope of 
the modeling are presented in Figure 10 (a), (b), 
(c)). Accordingly, changes in jump heights 
generally yielded similar values across the three 
rock block types and the different resolutions. 
However, unlike the velocity and kinetic energy 
variations observed in the other rock block 
types, the elongated rock block type exhibited 
different results. This situation was also clearly 
reflected in the jump height data. In general, 
kinetic energy and velocity changes decreased 
linearly, whereas the elongated rock block type 
showed an increase rather than a decrease. This 
variability was observed across all three 
different resolutions. For the elongated rock 
block, the maximum jump height was 22.7 m at 
25 cm resolution, 22.9 m at 50 cm resolution, 

and 22.3 m at 1 m resolution. Generally, while 
the other two rock block types showed a 
decrease from 25 cm to 1 m resolution, the 50 
cm resolution showed an increase and yielded 
the highest jump height values. The other jump 
height results generally showed an increase at 
resolutions of 25 cm and 50 cm, whereas the 1 
m resolution showed a decreasing trend and the 
minimum jump height values. These results for 
the EOTA rock block were 24.2 m at 25 cm 
resolution, 25.6 m at 50 cm resolution, and 22.5 
m at 1 m resolution. For the equant rock block, 
the values were 22.5 m at 25 cm resolution, 
28.7 m at 50 cm resolution, and 21.9 m at 1 m 
resolution. The highest jump height values were 
observed in the equant rock block at 50 cm 
resolution, reaching 28.7 m. This can be 
explained by the more stable falling, 
progression, and damping characteristics of the 
equant rock block, which also help preserve 
energy during movement and reach maximum 
values. In addition, while the increased surface 
roughness at 25 cm resolution yielded the 
highest maximum velocity and kinetic energy 
values, the jump height data showed the 
highest values at 50 cm resolution. More 
detailed and rougher surfaces acted as barriers, 
leading to lower jump heights at 25 cm 
resolution. On the other hand, the simplified 
topographic detail in the 1 m DSM reduced 
maximum jump height values. The results from 
the 50 cm DSM data indicate that this resolution 
provides optimal conditions, as surface details 
are better preserved at this scale. 
3.4. Spatial Distribution of Rockfall Activity 
The spatial distribution of rock blocks with 
different geometries was compared with the 
damping areas obtained from the Nr of deposited 
data produced through 3D modeling at different 
resolutions (Figure 11 (a), (b), (c)). For this 
purpose, deposition density maps were 
generated as heatmaps using the 'Number of 
deposited data points' metric. The spatial 
distribution of fallen blocks derived from 
orthomosaic data was overlaid to analyze 
relative density distributions. Thus, the spatial 
relationship between the modeled and 
observed rock blocks was evaluated. Fallen 
blocks generally show a clear concentration in 
the upper sections of the slopes. This situation 
directly reflects the failure mechanism of the 
fallen blocks and indicates that the rockfall 
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dynamics are consistent with a toppling-type 
failure mechanism. Models with 50 cm 
resolution generally produced more continuous 
and spatially consistent density distributions. 

Particularly in the equant and elongated block 
geometries, a stronger agreement was observed 
between the model results and the distribution 
of the observed rock blocks.  

 
Figure 10: Spatial distribution of jump height derived from rockfall simulations for different UAV-derived DSM 
resolutions and block geometries: (a) EOTA, (b) Equant, and (c) Elongated. 
 

Rock blocks exhibited a more irregular 
distribution and dispersed concentration 
patterns at the 25 cm resolution. In contrast, the 
1 m resolution showed a more generalized 
spatial distribution. This is because decreasing 
resolution progressively simplifies topographic 

details. The distribution patterns observed 
according to block geometries generally 
followed the slope morphology. Naturally, this 
behavior varied depending on the geometry of 
the rock blocks themselves. The equant block 
type displayed a wider spatial distribution, 
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whereas the EOTA block type tended to 
concentrate within specific zones, particularly 
in areas with minimum slope where the blocks 
were decelerated and deposited. In the 
elongated block type, the geometry of the rock 
blocks limited their travel distance, preventing 
them from propagating further downslope. 

When all distribution patterns are evaluated 
together, nearly the entire study area appears to 
have been affected by rockfall processes. This 
distinction becomes more evident in the results 
obtained from different DSM resolutions. 
 

 
Figure 11.  Relative rockfall density and spatial distribution of observed rockfall blocks for different DSM 
resolutions and block geometries. 
 

3.5. Validation of the results based on Nr of 
Deposited rocks  
The accuracy of the nine models obtained in 
this study was assessed by comparing them 

with the rock blocks observed in the field. 
Within this scope, fallen rock blocks were 
manually digitized from high-resolution 
orthomosaic data, yielding a total of 4,299 rock 
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blocks. Thus, the spatial relationship between 
the observed and modeled rock blocks was 
evaluated using both pixel-based and distance-
based validation approaches. The pixel-based 
validation analyses yielded unrealistic results 
for the models due to positional mismatches 
between the observed and modeled rock blocks. 
This is because the pixels representing the 
locations where the modeled rock blocks fell 
did not spatially overlap with the pixels 
representing the fallen rock blocks, even at very 
short distances. In this case, the modeled rock 
blocks did not fall exactly on the pixels where 
the rock blocks were actually located. 
Therefore, distance-based validation was 
preferred. According to the distance-based 
validation results, model accuracy varied 

directly with DSM resolution and block shape. 
The highest spatial agreement was observed at 
50 cm resolution with the elongated rock block 
type, where the highest success rates were 
achieved at the 5 m and 10 m distance 
thresholds (Figure 12 (a), (b), (c)). The elongated 
rock type also represents the most realistic rock 
block geometry observed in the field. On the 
other hand, although the 25 cm resolution 
reflected the highest level of detail and surface 
features in the DSM data, it did not produce the 
best results. This can be explained by the fact 
that the highly detailed topographic 
representation increased the sensitivity to the 
complex nature of rockfall processes during 
block movement.  

 

Figure 12: Distance-based validation of both observed and modeled rock blocks (a) Elongated, (b) Equant, and (c) 
EOTA 
 

4. DISCUSSION 

Determining the optimal resolution of UAV-
derived DSM data for rockfall modeling is 
critical for both data production and model 
performance. Producing data at different 
resolutions involves significant differences in 
planning, time requirements, equipment 
capacity, and data processing workflows. In 
particular, generating a high-resolution DSM 
dataset requires considerably more time and 
also demands an appropriate computational 
infrastructure for processing. Therefore, instead 
of simply preferring the highest resolution 
available, it is necessary to maintain a proper 
balance between model accuracy and data 
production cost.  According to this study's 
modeling results, the effect of DSM resolution 
on rockfall dynamics depends on the model's 
surface representation. Velocity values reached 

their highest levels in the EOTA block geometry, 
which is particularly preferred for barrier and 
protective measure design, using 25 cm-
resolution DSM data. This indicates that 
topographic relief characteristics are well 
preserved at the 25 cm resolution. However, 
this situation must also be explained by the 
geometric properties of the rock block type 
itself. During rock block movement, the friction 
coefficient at the surface plays a major role. This 
effect is clearly observed in the elongated and 
equant block types. While surface roughness is 
well preserved at high resolution, the rock 
block's response to it is equally important. 
When the influence of block type on the model 
results is evaluated, elongated blocks yield 
more realistic results. This is because they 
produced more linear, continuous trajectories, 
resulting in greater agreement between the 
observed fallen rock blocks and the modeled 
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blocks. This agreement remained lower in the 
other rock block types. In contrast, at the 1 m 
resolution, where surface roughness decreases, 
the simplification of surface details is directly 
reflected in the model outputs. At the 50 cm 
resolution, however, a balance exists between 
surface roughness representation and model 
generalization, allowing rockfall dynamics to be 
represented more realistically and effectively. It 
was also observed that there is no direct linear 
relationship between velocity, kinetic energy, 
and bounce height. The datasets with the 
highest kinetic energy did not necessarily 
correspond to the highest bounce heights. This 
result reflects the multi-parameter and complex 
nature of rockfall processes. Considering the 
validation results, pixel-based validation tends 
to underestimate model performance because it 
is highly sensitive to small positional deviations 
in models with narrow, linear rockfall 
trajectories. In contrast, the distance-based 
analysis approach allows the rebound and 
dispersion processes of rock blocks to be 
evaluated more realistically in spatial terms, 
thereby improving validation accuracy. 

5. CONCLUSION 

This study focuses on the realistic modeling of 
rockfall potential in the Başköy settlement area, 
where active rockfall events frequently occur, 
and comprehensively evaluates the effects of 
different DSM resolutions and rock block 
geometries on 3D rockfall modeling results. The 
findings demonstrate that under the same 
terrain conditions, high-resolution DSM data 
alone are insufficient for rockfall studies, and 
that topographic characteristics must also be 
considered. In this context, determining the 
optimal resolution is critically important for 
improving model accuracy and guiding future 
studies.  The modeling results revealed that 
maximum velocity and kinetic energy values 
were more pronounced in high-resolution DSM 
datasets, whereas spatial distribution patterns 
and bounce behavior produced more balanced 
results at medium resolution (50 cm). This 
indicates that the 50 cm resolution provides an 
optimal balance between topographic detail 
and model generalization. When the effect of 
block geometry was evaluated, the EOTA block 
type produced higher velocity and energy 
values, while the elongated block type 

exhibited more linear, continuous movement 
behavior and achieved the best agreement with 
the observed field distribution. The equant 
block geometry displayed a more balanced 
behavior between these two extremes. 
Validation results showed that model 
performance is sensitive to both DSM resolution 
and block geometry, with the highest spatial 
agreement obtained in the elongated block 
scenario at 50 cm resolution. In addition, the 
pixel-based validation approach was found to 
underestimate model performance. 
In conclusion, this study demonstrates that 
approaches based on a single block geometry 
are insufficient for rockfall modeling and that 
different block types should be evaluated 
together. The findings indicate that considering 
resolution and block geometry simultaneously 
is critical for improving model accuracy and 
provides an important methodological 
framework for future studies. 
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