
Citation: Al-Shaar, M.; Gérard, P.-C.;

Faour, G.; Al-Shaar, W.; Adjizian-

Gérard, J. Comparison of Earthquake

and Moisture Effects on Rockfall-

Runouts Using 3D Models and

Orthorectified Aerial Photos.

Geographies 2023, 3, 110–129. https://

doi.org/10.3390/geographies3010006

Academic Editors: Hartwig

H. Hochmair, Gerhard Navratil and

Haosheng Huang

Received: 19 November 2022

Revised: 7 January 2023

Accepted: 12 January 2023

Published: 16 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Comparison of Earthquake and Moisture Effects on Rockfall-
Runouts Using 3D Models and Orthorectified Aerial Photos
Mohammad Al-Shaar 1,* , Pierre-Charles Gérard 1, Ghaleb Faour 2 , Walid Al-Shaar 1,*
and Jocelyne Adjizian-Gérard 1

1 Geography Department, CREEMO (Centre de Recherche en Environnement-Espace Méditerranée Orientale),
Saint-Joseph University, Campus des Sciences Humaines, Rue de Damas, Mar Mikhael,
Beirut 1104 2020, Lebanon

2 National Center for Remote Sensing, National Council for Scientific Research (CNRS), Beirut 1107 2260, Lebanon
* Correspondence: mohammad.chaar@net.usj.edu.lb (M.A.S.); walid.al-shaar@net.usj.edu.lb (W.A.S.)

Abstract: Rockfall hazard gains popularity nowadays among researchers in different scientific fields,
decision-makers and urban planners. The assessment of rockfall hazard requires detection, mapping
and estimating the maximum travel distance that rock boulders may reach, commonly known as
“rockfall runout”. This latter can change significantly under the effects of different triggering factors
such as soil conditions, chemical, physical and geological rock properties. However, comparing and
analyzing these different effects represents, to the best of our knowledge, one of the newest scientific
challenges that need to be addressed. This paper presents a complete methodologic approach aiming
to assess the rockfall hazard through runout estimation in three different conditions: (i) gravity,
(ii) earthquakes, and (iii) the presence of moisture along the slope. The “Mtein” Village and its
surrounding areas in the Mount Lebanon region were chosen as the study area because there have
been numerous historic rockfalls and various-sized rocks, such as cobbles and boulders, scattered
throughout the area. Thus, three-dimensional simulations were conducted using the Rockyfor3D
software and aerial photos for the year 1999 to assess the rockfall runout, the energy curves, and the
number of deposited rocks. The results reveal that earthquakes have the highest triggering effect on
rockfall and that moisture has a damping effect on RFs by decreasing the kinetic energy. The study
shows the importance of taking into consideration the influence of triggering factors as well as rock
density on rockfall runout and hazard.
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1. Introduction

Rockfalls (RFs) are considered a devastating type of mass movement event because
of the fast motion and the high kinetic energy carried by the rock when it usually falls
from high elevations with steep slopes [1]. Due to the fast development of urbanization in
mountainous areas, where steep slopes and unstable rocks exist, the risk of RF hazard in-
creases within these newly developed areas [2]. Accordingly, because of the complexity and
the numerous factors affecting RF, many studies have developed different and dissimilar
methodologies to assess the RF hazard and identify the different causing factors and their
effects. The majority of methods used for RF hazard/risk assessment are divided into two
main types: quantitative and qualitative. The quantitative approach depends on numerical
values such as the numerical probability and frequency of detachment, including propaga-
tion and intensity [3]. On the other hand, the qualitative method is based on descriptive
terms such as ranked attributes, weighted indices, rating systems, scoring schemes, ranking
matrices and classifications. The results are expressed using relative terms such as high,
medium and low [3–5]. Generally, it was found in different studies that elevations, slopes
and rock materials play an important role in increasing or decreasing the fast movement of
the rock [6–9].
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These factors are not considered the main causing factors. However, the RF action
takes place when rocks lose their stability when a triggering factor (e.g., dynamic fractures
in steep slopes, rainfall, seismic activity, gravity coupled with the instability of rock blocks,
vegetation and human activities) gives unexpected energy, pushing the rock blocks to slide,
topple, or fall from a sub-vertical surface that is considered the source area [10,11]. The
impact consumes limited energy but lets the block continue its way by bouncing and flying
along curvy trajectories or rolling on talus and debris slopes. Following that, first ground
impact, elevations, slopes and rock sizes could be considered secondary causing factors.
Previous studies have quantified the RF runout aspects in terms of rock velocities and
runouts. For instance, many studies have quantified the aforementioned aspect by taking
into consideration the earthquake [12–15] and the moisture content [16] as triggering factors.
These studies investigated earthquakes and moisture content as triggering factors of RFs;
nonetheless, a comparative analysis showing the difference in rockfall runout distances
and the possible number of rocks deposited was not conducted. In addition, and to the
best of the authors’ knowledge, investigating the effects of different factors on RFs with
the existence of different lithologies was not previously conducted. Examining and taking
into account the effects of lithology is considered a key factor for RFs modeling since it
can induce substantial changes in modeling results [9,17]. This paper contributes to this
growing literature by investigating and discussing the effects of RF-triggering factors. In
a more detailed way, this research develops a methodology to assess and compare the
effect sizes of two main triggering factors: earthquake and moisture. This methodology
could be applied later on, for further studies, in an extended form to compare the effects
of other driving factors. In a more detailed way, the study aims to show and compare
the effects of earthquakes and moisture on the kinetic energy of falling rocks and on
the deposited number of blocks in the study area. For this purpose, three simulations
were conducted. The case of gravity-induced RFs was considered the baseline for the
comparison of simulation results for earthquake and moisture scenarios. High-resolution
historical aerial photos for the selected study area taken in 1999 were used as the main
input data for the simulations of runout modeling in addition to other types of information.
More details on data collection and processing are elaborated in the Section 2. The study
area is located in the western part of the Mount Lebanon area. It was selected since:
(i) numerous historic RFs happened and different-sized rocks, such as cobbles and boulders,
are scattered all over the area; and also (ii) since the changes in some triggering factors
could be observed. More details are presented in the study area section. With respect to
the technological tools used to conduct the runout modeling simulations and with the
recent evolution of technology, many computer programs were developed to simulate RF
runout, these computer platforms can perform either: (i) 2D analysis such as the Colorado
Rockfall Simulation Program—CRSP [18], and RocFall® [19]; or (ii) 3D analysis such as the
STONE by [20], Rockyfor3D [7], Rocpro3D© [21], and RAMMS© rockfall [22]. A study
conducted by [12] showed that the 3D RF simulation software was able to better present
the actual trajectories and led to more accurate and consistent results than 2D simulation
and analysis. Therefore, the 3D simulations will be conducted on the platform of the
Rockyfor3D software. Additional details of the simulations are presented in the modeling
approach section. The block sizes range from small cobbles to large boulders of hundreds
or even thousands of cubic meters in volume, and could move at speeds from a few meters
to tens of meters per second. Therefore, places exposed and vulnerable to this hazard form
a threat to people, buildings and utilities when this natural hazard takes place [3,23,24].
In this context, the study of RF runout modeling is very important for hazard and risk
mitigation plans, especially when comparing the effect sizes of the triggering factors. The
RF runout modeling techniques would: (i) predict the dynamic movement of a fallen block
along a slope; (ii) calculate the energy carried at any point of its trajectory; and (iii) give out
the probability of reaching a point located at a distance from the source area.

These outcomes would give useful information on areas prone to RF hazard and
good indications of the triggering factors. This information could be used as guidance in
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order to direct decisions towards potential effective methods to be adopted to mitigate
the risk. In addition, this study presents a full technique to assess the RF hazard in the
absence of RF records and inventory. The study also highlights the value of historical aerial
photos in RF hazard and risk assessment. It is hypothesized that earthquakes have an
effect on increasing the initial kinetic energy as well as the kinetic energy during the rock-
falling stage for limestone and sandstone rocks. Previous studies, such as that conducted by
Zheng et al. (2022) [25], examined the effect of earthquakes on kinetic energy without taking
the lithology of the rocks into consideration. Moreover, it is assumed that an earthquake
will increase the deposited number of RFs.

In addition, it is also hypothesized that higher moisture content in soil and rock has a
damping, as decreasing, effect on RFs velocity after rock impact with the soil, known as a
“bouncing” movement. Previous studies, such as that conducted by Vick et al. (2019) [16],
indicated that high water content in soil materials would slow down the RFs of volcanic
rocks that follow a bouncing movement. These studies did not take into consideration the
effects of rock water content on RFs or the effects of soil moisture on RFs for sandstone and
limestone rocks.

These two hypotheses are tested in this paper for validation. This research is limited to
the study of only limestone and sandstone sedimentary rocks, which represent the lithology
types of all rocks in the study area.

This paper is structured as follows: Section 2 presents the case study and highlights the
methodology of the research and the techniques of data collection. In addition, it presents
the rockfall modeling framework. Section 3 reveals and discusses, respectively, the obtained
results. Section 4 summarizes the paper and discusses the future areas of relevant research.

2. Materials and Methods
2.1. Selection of the Study Area

The area of interest in our study is located in the western part of Mount Lebanon
(Figure 1), 35 km away from the capital of Lebanon: Beirut. The “Mtein” Village and its
surrounding areas in the Mount Lebanon region were selected as the study area since nu-
merous historic rockfalls happened and different-sized rocks such as cobbles and boulders
are scattered all over the area. The elevations range between 900 and 1200 m, with an
average value of 1100 m (Saint Joseph University, 2021). In more detail, four historical
aerial photos were taken in 1999 (scale, 1:10,000; camera focal length: 153.401 mm) were
orthorectified with ERDAS Imagine software and used for this research. These photos cover
an area of 12.7 square kilometers (km2), representing 0.12% of the total area of Lebanon.
This region includes parts of five main villages: Mtein, Mchikha, Bzebdine, Hasabaya
El Matn and Qaaqour. This specific zone was selected based on the fact that many RFs
were detected and observed through aerial photo interpretation and during multiple field
visits, respectively.

The lengths of the majority of RFs slopes observed in the study area are considered
medium and range between 250 m and 350 m in distance.

Additionally, this area is characterized by a high mean annual rainfall range. For in-
stance, the annual mean rainfall in Mtein ranges between 1200 and more than 1400 mm [26].
The geological aspects of the study area are extracted from a geological map (scale, 1:50,000)
prepared by Michel Majdalani (BTD) and based on the geological map of Dubertert [27].

2.2. Urban Development: Land Use Classification

Moreover, two land use maps of 30 m resolution were generated in ArcMap software
using the Landsat satellite images (Earthexplorer, 2021) in order to estimate the urban
expansion, as new built-up areas, between the years 1999 and 2020, as shown in Figure 2.
Therefore. Two Landsat satellite images of the study area for the years 1999 (Landsat 7,
2 level 2) and 2020 (Landsat 8, 2 level 2), with 30 m resolution, were extracted from the
website of (Earthexplorer, 2021) to be then employed for the land use classification process.
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It is noteworthy that Landsat level 2 images are atmospherically corrected (Earthex-
plorer, 2020). The supervised maximum likelihood classification method was adopted for
the generation of two land use maps for the years 1999 and 2020. The purpose of generat-
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ing the land use maps is to delimit the built-up areas and show the rate of urbanization,
specifically under the RF risks, in the study area. The land use maps showed that the
built-up areas have increased by 23.52% during this short period of time, with almost no
awareness about the RF hazard where several buildings observed were built on or just
under the source area of RFs (Figures 3 and 4). The accuracy assessment tests for the land
use classifications were conducted by computing the confusion matrices in ArcGIS software.
The accuracy percentages for the land use maps of the years 1999 and 2020 were equal to
88% and 85%, respectively. Similarly, the corresponding kappa values for the years 1999
and 2020 are equal to 0.83 and 0.8, respectively. These values reveal a strong accuracy
for the classification processes [28,29]. This test was conducted by creating 100 randomly
distributed points over the classified land use map. The land use map classes in these
points were compared to ground truth extracted by using an ESRI satellite image as a base
map. In the context of this unprotected urban development, rockfall mapping is necessary
to identify areas prone to RFs risks.
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2.3. Rockfall Mapping Techniques

The literature indicated different data acquisition techniques that were used to pro-
duce rockfall maps. For instance, remote sensing and in situ investigation techniques
were proposed for the purpose of mapping RF runouts and estimating their rocks’ vol-
umes. These methods are classified as: (1) airborne, such as Unmanned Aerial Vehicles
(UAVs) [30], airplane imagery [31] and airborne LiDAR [32]; (2) satellite imagery, such as
very high-resolution images (VHR) from satellite sensors, multispectral and hyperspec-
tral sensors [33]; and (3) ground-based: photogrammetry such as High Dynamic Range
(HDR) [34] and terrestrial laser scanning techniques such as terrestrial LiDAR [32]. In the
context of these RF mapping practices, the use of high-resolution historical aerial photos
provides valuable information, especially when combined with present data. These photos
would lead to a better comprehension of the complex RF mechanism and its evolution over
a period of time (tens of years, for instance). In addition, historical aerial photos allow
us to obtain: (a) qualitative information when interpreted as feature surface identifica-
tion [31]; and (b) quantitative data when properly ortho-rectified, so they can be used for
taking measurements.
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2.4. Research Methodology and Materials

The methodology consists of conducting and comparing the results of three scenarios
of 3D simulations for the RF runout models. The objective is depicted as assessing and
comparing the effects of the earthquake and moisture with reference to the gravity-induced
RFs case. The methodological approach is divided into four stages: (i) collection of data;
(ii) data processing; (iii) runout model simulations; and (iv) comparative analysis. The
collected data were processed through a sequence of several steps. The following section
presents a detailed explanation of data collection and the corresponding processes. The
developed methodology is presented graphically in Figure 5.
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2.4.1. Aerial Photos and Interpretation

A series of four aerial photos, taken in the year 1999 by the Directorate of Geographic
Affairs (Lebanese army, Ministry of Defense), was used for photo interpretation in the
study area. Thus, four historical aerial photos are first interpreted to locate the entire RFs
distribution area, including the release areas. They are then corrected geometrically using
the orthorectification technique in ERDAS Imagine software to transform them into base
maps. The four ortho-rectified base maps were merged into one base map using the image
mosaic module in ERDAS Imagine software. Afterwards, the RFs’ locations were indicated
on this base map, including the size of each rock boulder seen and measured on the field
during the site visits conducted in June and July 2021.

The interpretation process was based on the stereo-pairing technique for these photos
using a stereoscope. This technique allows the detection of major historic RF events
and the acquisition of qualitative information, including the source area of RF (release
area), the main scarp, the slope, and the accumulation zone where different-sized rock
boulders are distributed. In a more detailed way, aerial photo interpretation is a helpful
technique that could be used to investigate slope stability and identify landslides based on
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geomorphological features [35]. In view of that, the set of high-resolution historical aerial
photos was used in this study as the base data for the adopted methodology. This type of
data was used in this study as the sole source of information since Lebanon does not have
a published landslide inventory map [36], and consequently, no RF inventory exists for the
study area. In addition, the aerial photos were used to derive quantitative information with
good accuracy, such as landslide extent and metric model [31]. To overcome the matter
of photo distortions, the aerial photos were corrected by the ortho-rectification technique,
which allows the acquisition of a map with correct distances.

2.4.2. Orthorectification

Using analytical photogrammetry, aerial photos are adjusted by removing photo
distortions in order to create orthophotos (photos with true distances). The idea of or-
thorectification is to establish a correlation between the coordinates of photo points (image
coordinates) and the real ground coordinates. This technique can be used when multiple
inputs are available, usually derived from the calibration report of the camera that took the
photos. For the photos used in this research, there was no calibration report; however, the
needed parameters are indicated in the upper strip part of the photograph.

Rocchini et al. (2012) [37] have detailed a method of orthorectification. The procedure
is divided into four steps: (1) collection of the main input parameters (digital elevation
model, fiducial marks coordinates, focal length, principal point coordinates and ground
control points); (2) interior orientation; (3) exterior orientation; and (4) rectification and
resampling. For this purpose, the input parameters are collected as follows: (a) 5 m digital
elevation model (DEM); (b) 8 fiducial marks coordinates were determined using the open
tool, ImageJ software [38]; (c) the principal point is assumed to be the center of the image
coordinate system, so the value 0 is assigned to the X and Y coordinates of this point; (d) the
focal length was written on the upper strip part of the photo; and (e) 18 to 20 ground
control points were collected for each photo using GPS during field visits, the points were
located at the corners of the building, since these points are fixed and yield more accuracy
for the process, in addition, the points are well distributed all over each of the used photos
to enhance the quality of the orthophoto. The technique is computerized using ERDAS
Imagine software, the interior orientation is done graphically by manually marking the
fiducial marks to relate the image coordinate to the photo coordinate system (camera
sensor). The exterior orientation was also done by marking the corresponding points on
the scanned aerial photo after entering the ground control point coordinates, including X,
Y and their elevation Z, into the software. The parameters collected and computed in the
above steps are used to rectify each aerial image; all images are then resampled with the
nearest neighbor assignment.

The validation indicator used was the root-mean-square error (RMSE). The guidelines
provided by the National Standard for Spatial Data Accuracy (NSSDA) [39] indicated a
value of 2.5 m as the maximum allowable RMSE value to validate the ortho rectification of
a map with a scale of 1:10,000. In this context, the RMSE values for the four aerial photos
were under the value 1.8, which shows the accuracy of the orthorectification process for
these photos.

2.4.3. Mapping Rockfalls Distribution

Mapping the locations and volumes of fallen blocks is a very important process for risk
investigation, as indicated by past studies that employed measurements and estimations
of the block’s number and respective volumes [40,41]. Therefore, the RFs sizes have been
measured in the field using a measuring tape where locations are accessible. Nevertheless,
some of the boulders are not reachable. For this reason, their lengths and widths have been
visually estimated and compared to the corresponding dimensions provided by the aerial
photos. This comparison asserted the validity of the aforementioned estimation process
with a maximal difference of ±0.3 m Furthermore, the height of the inaccessible boulders
was visually estimated through field observation, in which the height of the inaccessible
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rockfalls was compared to nearby well-known height objects, such as buildings or boulders
with measured heights.

In addition, six field visits were conducted between the months of June and July 2021
in order to inspect the lithology and size of RF boulders and examine soil types and the
obstacles along the slope profile. A measuring tape was used to measure the dimensions of
RFs boulders in accessible areas and a handheld GPS was used to mark the coordinates of
RFs blocks. The lithology was determined by checking the physical characteristics, such as
color, texture, and grain size, of the visible outcrops of the release areas and rock boulders.
Some rock boulders are not accessible on the site, so they were photographed and compared
to nearby rock blocks that were accessible. Then, the dimensions were estimated using the
orthorectified aerial photos. The soil type was examined in the field by hand. The water
was added to the soil sample and rolled in hand to determine the composition and texture.
For instance, if the sample feels sticky in the hand, it would be clay material. Otherwise, it
is typically sand [42]. The data obtained from the field examinations were compatible with
those provided and validated by the soil type map prepared by the National Council for
Scientific Research (NCSR)-Lebanon [43].

A geological map was used to determine and validate the types of rocks distributed
all over the study area. The geological map was prepared by Michel Majdalani (BTD) and
based on the geological map of Dubertert [27]. It is used to determine the rock lithology in
the release areas in order to generate the rock density map in QGIS. Similarly, the soil map
of Lebanon prepared by the NCSR-Lebanon (scale 1:50,000) [43] was employed to define
the soil types. The rock density and soil maps are rasterized and then converted to ASCII
raster file format in QGIS as input for the simulations in a later stage.

In line with the geological formation of rocks, the area of interest is dominated by lime-
stone and sandstone rocks and encompasses the rock formations as follows: (A) Late Juras-
sic formations (J4–J7), thick-bedded to massive, highly fractured, jointed and well-karstified
limestones and dolomitic limestone rocks: (1) J4-Liassic to Kimmeridgian (Kesrouane lime-
stone formation) comprising limestone and dolomite rock types; (2) J5-Lower Portlandian
(Bhannes formation) constituted of fine-grained Marls and Marly limestones and basalt
intrusions; (3) J6-Upper Portlandian (Bikfaya formation) made of limestone and dolomitic
limestone rocks; (4) J7-Upper Portlandian (Salima Formation), detritic limestone rocks;
and (B) Lower Cretaceous formation: C1-Neocomian-Barremian (Chouf Grès de base)
containing quartzitic and calcareous sandstones with intercalations of siltstone and clays.

Accordingly, the rock locations, type and densities, as well as the soil types,
were determined.

According to the aforementioned processes, the RF map was produced in ArcGIS
software. Consequently, a total of 209 rock boulders were mapped on the orthophotos in
order to examine the RFs’ size distribution. This map, as illustrated in Figure 6, shows,
according to the aerial photo interpretation and the field observations: (i) the past falling
blocks and their volume sizes ranging from 0.7 to 2284 cubic meters; (ii) the source area of
RFs (the release area); and (iii) the maximum traveled distance by the fallen rocks.

2.4.4. Digital Elevation Model

A contour topographic map (elevation interval: 5 m; scale: 1:20,000) provided by the
Directorate of Geographic Affairs of the Lebanese army (Saint-Joseph University, 2021) was
used to derive a digital elevation model (DEM) of 5-m resolution based on the interpola-
tion process of ArcMap Software. This DEM was used in the simulation and the photo
orthorectification processes.

2.4.5. Runout Simulations

The runout simulations are based mainly on the geometry and material properties
of the rock fragments as well as the slope [44]. For instance, several parameters that are
required to create a runout simulation are summarized in the following [18]: (1) slope
inclination and length (slope profile); (2) surface roughness; (3) coefficients of restitution:
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normal and tangential; and (4) size and type/density of rocks. The produced RF map and
the created DEM, in addition to rock and soil aspects, were inserted as inputs to run the
simulations in Rockyfor3D (Version 5.2.15) software.
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Rockyfor3D is a commercial 3D modeling software (not open source) that is used to cre-
ate 3D models/simulations of rockfalls. The model used is probabilistic and process-based.
The simulations in this software require the input data of a digital elevation model (DEM)
along with other input parameters: (a) rock densities for rockfall sources; (b) dimensions
of the blocks (height, width and length) and also the shape of the blocks; (c) slope surface
roughness; (d) normal coefficient of restitution (nCOR) which is directly linked to the soil
type existing on the slope; and (e) tangential coefficient of restitution (tCOR). The parame-
ters needed for the simulation were collected from the data of the aforementioned maps
(RFs distribution map, DEM, geological and soil maps) and from the conducted field visits.
The surface roughness, which was inserted as input in Rockyfor3D, was determined based
on the heights of obstacles encountered and scattered along the slope. The heights were
determined when looking down the slope [45]. The roughness is inserted in Rockyfor3D
in the form of three classes: rg70, rg20 and rg10. The values 10, 20 and 70 represent the
size probabilities of obstacles. Each class is assigned a roughness value, represented by the
height of the obstacle that the falling rock would encounter on the slope (Figure 7). In other
words, if the rg70 is equivalent to a value of 0.03 m, this means that 70% of the obstacles
scattered on the slope have a height of 3 cm. Similarly, a rg20 equivalent of 0.1 m means
that 20% of the existing rocks along the slope have a height of 10 cm.
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Figure 7. A sketch showing the obstacle heights (MOH) that account for 70%, 20%, and 10% of the
slope’s surface, respectively. The MOH should be measured while looking downward, modified after
(Rockyfor3D manual [45]).

Three scenario simulations will be conducted in Rockyfor3D (Figure 8). The first sce-
nario represents the business-as-usual gravity-induced case. The second scenario presents
the earthquake-triggered RFs. In the third scenario, the simulation was conducted by taking
into account fully moisture-saturated rocks and wet soils. The last part of this methodology
is depicted by carrying out a comparative analysis of the obtained results.
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In the following, the initial conditions to introduce these scenarios within the software
are presented and discussed. The simulation parameters were derived from the collected
data and then calibrated so the results fit the best with the spatial distribution of boulders
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observed in the aerial photos and during the field visits. This case is considered the
reference for comparing the simulation results. This simulation represents the RF case in
dry conditions and the only triggering factor is gravity. The three major faults that exist
in Lebanon (Yammouneh, Serghaya and the Mount Lebanon thrust) are most likely to
generate earthquakes with magnitudes greater than 7 in addition to secondary faults that
may cause earthquakes reaching 6.5 in magnitude.

Therefore, Lebanon is considered a country with moderate to high seismic activi-
ties/hazards [46,47]. A Peak Ground Acceleration (PGA) map was made by Harajli et al.
(2002) [47] based on the probability methods for a 0.1 probability of exceedance in 50 years
with an ultimate earthquake magnitude of 7.0. This map was used to calculate the initial
velocity at the time of the detachment that will be added as an initial parameter in the
simulation in the case of an earthquake. The local PGA was considered equivalent to
0.20 m/sceond2 (g) according to [47]. According to Mavrouli et al. (2009) [48], the PGA
along the slope is obtained by linear interpolation between the acceleration at the base
(PGAb) and the one at the slope crest (PGAcr). The authors indicated that the acceleration
at the base is 0.20 g and the acceleration at the crust is 1.5 × 0.20 = 0.3 g. Therefore, the
value of the PGA for the slope face (PGAsf ) is 0.27 g, which was interpolated using the
values of the PGA at the base and crest and based on the average altitude of the study area
(1100 m).

According to Saroglou et al. (2018) [12], the initial horizontal velocity of the block at
the time of detachment could be calculated by considering the equilibrium of the produced
work as indicated in the following equation:

Vx =
√

2 × PGAs f × s (1)

where “PGAsf ” is the ground acceleration of the slope surface, and “s” is the initial dis-
placement (in meters) of the block needed to initiate its downslope movement. The value
of “s” was considered in the calculation to be equal to 0.05 m, according to Saroglou et al.
(2018) [12]. The initial horizontal velocity of the block is equal to 0.519 m/s, and the initial
vertical velocity is considered negligible [12]. It is worth noting that in the Rockyfor3D
software, the initial velocity or energy could not be added as an input or parameter, how-
ever, the initial height could be added as a parameter for the simulation. Therefore, a value
of 0.5 m, which is equivalent to an initial horizontal velocity of 0.519 m/s, was added to
the initial height of the falling rock for the purpose of taking the earthquake effect into
account. The area of our study is characterized by high-intensity rain precipitation [26].
Adding to this, the observed and indicated types of the majority of rocks are highly karsti-
fied limestone, dolomitic limestone and sandstone [43]. For these lithology types, water
can easily infiltrate the pores and the joints/discontinuities of the rocks, which increases
the rock weight, increases the pore water pressure and causes wider openings of joints
and fractures.

It is noteworthy that wider opening of joints and fractures leads to a decrease in
mechanical rock properties [49]. In addition, water causes the erosion of the surrounding
soil [50] and reduces the shear strength of soil materials [16]. Consequently, it is assumed
that the rainfall would significantly increase the mass of the rock block without changing
its volume, leading to an increase in the density of the rocks studied. The rainfall would not
only have an effect on the rocks, but it would also have an effect on the slope materials. High
moisture content, caused by heavy rainfalls, has a damping effect on block propagation
and would slow the rock while moving along the slope surface [16]. For this purpose,
the density of the rock boulders and the soil were increased; in contrast, the restitution
coefficients, reflecting the damping capability of wet soil, were reduced in the simulations.
Three simulation scenarios were conducted in the Rockyfor3D software: (1) the business-as-
usual scenario; (2) the earthquake-triggered RF scenario; and (3) the moisture-triggered RF
scenario. The first scenario, which is considered the base scenario for comparison, did not
make any changes to the parameters observed and collected from the field and the aerial
photos. The second scenario, shedding light on the earthquake-triggered RF, is considered
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by adding 0.5 m to the initial falling height of the rock boulders [12]. The third simulation,
providing details of the moisture-triggered RF, was considered by lowering the tangential
coefficient of restitution (tCOR) and the normal coefficient of restitution (nCOR). This process
was employed since the soil’s moisture would lower the rebound velocity of rocks [16]
and is directly proportional to the coefficients of restitution as indicated in the following
equations [51]:

nCOR =
vr,n

vi,n
(2)

tCOR =
vr,t

vi,t
(3)

where vi,n is the normal incident velocity, vi,t is the tangential incident velocity, vr,n is the
normal rebound velocity and vr,t is the tangential rebound velocity. Lowering the soil type
value in the simulation software was adopted since this process is equivalent to reducing
the restitution coefficients. It is worth pointing out that the Rockyfor3D software has
seven standard soil types related directly to the coefficients of restitution. Similarly, and
within the same scenario, the rocks in wet conditions are assumed to be fully moisture-
saturated. Hence, to match the densities of fully moisture-saturated rocks [52], the densities
(in kilogram/meter3) were elevated in the simulations from 2350 for sandstone and 2550
for limestone to 2450 and 2650, respectively. The modeling parameters needed to run
the simulations of 3D RF runout models in Rockyfor3D are included in each raster map.
Then, the raster maps in the ESRI ASCII Grid format were included in the software as
inputs. When creating the input data, the worst-case simulation scenario was taken into
account in terms of the shapes of the rocks and the existence of trees that could block the RF.
Accordingly, the shape of all the rocks in the study was chosen to be spherical. In addition,
the non-existence of forests/trees was included in the simulation. The average density of
the rocks was chosen according to the type of rocks, as of 2550 and 2350 Kg/m3 for the
limestone and sandstone rocks, respectively. The average size (500 m3) was considered
for the simulation. The slope surface roughness is considered as the obstacles taking place
against the trajectory of fallen rocks since it may stop or slow down the rock propagation
along the slope. The input raster map corresponding to the soil type was generated in
QGIS software based on the soil type map made by NCSR-Lebanon [43].

Rockyfor3D provides a variety of output files; three types of output are chosen for
the analysis: mean kinetic energy, maximum deposited number of rocks and probability
of reach.

3. Results and Discussion

The study conducted in this paper presents a comparative analysis of the effects of
three triggering factors for RFs (gravity, earthquakes and wet conditions). To the best of
the author’s knowledge, this comparison was not conducted in previous studies of the
scientific literature. Some similarities exist between this study and previous ones in terms
of assessing the effects of the soil water content/moisture on RFs. Nevertheless, this study
extended the scope of the investigation by differentiating between the effects of moisture
content in rocks (water infiltration in the rock boulders) as well as in the soil.

The maps of the maximum deposited number of rocks are presented in Figure 9 in
the case of earthquake-induced RFs; Figure 10 in the case of gravity-induced RFs; and in
Figure 11 in the case of RFs induced by high water contents. The results corresponding to
the earthquake effects indicate that most of the rocks have moved from the release areas and
reached the accumulation zones with a large number (in red) of RFs (Figure 9). The results
corresponding to the gravity effects indicate that a large number of RFs remain in the release
areas in addition to noticeably large RFs gathered in the accumulation zones (Figure 10).
The map showing the reach probability is presented in Figure 12. The distribution of
the maximum deposited number of rocks, as well as the kinetic energy, are presented in
Figure 13. To simplify the comparison of the results, the study area was divided into seven
sub-areas, as shown in Figure 6. Different runout distances were observed in Figure 12
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and this is explained by the diversity of topographic aspects, the slope profile, the slope
materials and obstacles along the slope.
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Figure 13. (a) Maximum deposited number of rocks with respect to sub-areas; (b) mean kinetic
energy with respect to sub-areas.

3.1. Mean Kinetic Energy

The case of RFs induced by gravity shows that the mean kinetic energy for each
sub-area ranges between 1393 Kilojoules (kJ) (as in sub-area 6) and 139,109 kJ (as in sub-
area 7). In the case of earthquake-induced RFs, the mean kinetic energy range is between
9266 kJ (as in sub-area 6) and 197,927 kJ (in sub-area 7). For the wet condition scenario, the
mean kinetic energy was found to range between 602 kJ (in sub-area 6) and 110,716 kJ (in
sub-area 7). When compared to gravity-induced RFs, the mean kinetic energy in the case of
wet conditions was found to decrease by 43% and 79% in sub-areas 6 and 7, respectively.
However, the ratios of the mean kinetic energy in the case of the earthquake to that of
gravity-induced RFs are 6 and 1.4 in sub-areas 6 and 7, respectively. These results show
that earthquakes would lead to RFs with higher energy and consequently longer runout
distances relative to gravity-induced RFs. In contrast, moisture has a damping effect on
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RFs by decreasing the kinetic energy. An exceptional case was observed in sub-area 3
(sandstone lithology), where the mean kinetic energy in wet conditions (21,197 kJ) has
slightly increased when compared to the gravity case (19,770 kJ). The exception could
be referred to the hypothesis considering that low rock density, such as sandstone rocks,
reverses slightly the effect of moisture factor on RFs kinetic energy, in the case of limestone
rocks. This hypothesis needs to be validated by performing additional experiments.

3.2. Maximum Deposited Rocks

In order to compare all the possibilities for RFs’ deposition number and deposition
locations under the three proposed scenarios, thousands of simulations at the pixel level
were conducted in order to increase the accuracy of the comparison process. The highest
number of deposited rocks in the case of gravity was observed in sub-area 1 (32,896). In
case of an earthquake, the maximum number (110,780) of deposited boulders was obtained
in sub-area 2. The lower number of deposited rocks was observed in wet conditions,
where the highest number of deposited rocks was in sub-area 7 (28,786). When looking
at the distribution of deposited rocks, it is noted that in sub-areas 1 and 2, the case of the
earthquake has dramatically increased the number of deposited rocks when compared to
gravity-induced and case of wet conditions. This would be explained by the idea that the
earthquake activated existing release areas that needed this amount of energy to launch rock
falls. This is only a hypothesis that needs to be further tested in future research. The output
raster maps of the Rockyfor3D, as well as the simulation results, showed that the effects
of the earthquake/seismic induced RF could be depicted as increasing the kinetic energy
of the RFs and, as a result, increasing the runout distances. In addition, the simulations
showed that the earthquakes could be able to trigger the RF in new release areas when
compared to RFs induced by gravity. On the other side, the effects of the wet conditions and
moisture could be represented by a damping effect in soils. For instance, the mean kinetic
energy in sub-area 1 in the case of wet conditions (27,425 kJ) is less than the one in the
gravity-induced case (40,565 kJ) and the earthquake-induced case (64,775 kJ). This is caused
by dissipating and reducing the forces required to trigger the RF and to push/move rocks
(explained as the additional absorption of falling shock/impact within the moisturized
soil), coupled with an increase in the boulders’ densities. In fact, increasing the rock density
adds extra mass to the blocks, making them heavier and harder to move.

4. Conclusions

RF hazard is a natural phenomenon that could frequently occur in mountainous areas
and represents a major threat to life, properties and infrastructure. For instance, in the study
area, which is prone to high RF hazard, the land use maps displayed an accelerated urban
development and indicated a lack of adequate urban planning. This raises the question
about the risk assessments and measures relevant to RFs within local plans, in addition to
triggering factors that affect the mechanism of RFs. This is why recent studies are aiming
for a better understanding of this complicated mechanism to mitigate the negative effects
of this natural hazard. This article presents the development of a new method to compare
the effects of earthquakes and moisture on RF hazard.

The simulation results show that RFs are affected and triggered by several factors.
According to the results obtained and by comparison, it was found that earthquakes
increase the kinetic energy and lead to the highest number of rock deposition/falling, which
represent the highest risk for humans and infrastructure. In contrast, wet conditions showed
a damping effect when the soil is moisturized, but also showed that fully moisture-saturated
rocks may slightly increase the kinetic energy of RFs, uncovering a new perspective on
looking at RFs in wet conditions. Historical aerial photos proved their credibility to be the
foundation of this work, especially when field observations confirmed the interpretation
of aerial photos since the rock boulders did not show any sign of new movement during
the 20 year period. Historical aerial photos showed their effectiveness in RF hazard
studies; after orthorectification, they allowed us to precisely determine the distribution
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of RFs scattered all over the study area. It was used as a base map for the identification
and mapping of rock distribution. The developed methodology and the corresponding
produced maps could provide additional information and guidance for decision-makers
during the phase of enacting new policies for urban planning and risk mitigation, especially
in the cases of potential earthquakes and excessive soil moisturizing due to precipitation.
Furthermore, although these maps express the spatial occurrence of the RF, their main
limitation is that they do not include any information about the frequency and temporal
occurrence of this natural hazard. The next step for developing this method is to determine
the temporal occurrence, and an enhancement of the simulation is recommended by
integrating more geotechnical and instability factors related to the initiation of RFs.
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