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a b s t r a c t

Rockfalls and unstable slopes pose a serious threat to people and property along roads/highways in the
southwestern mountainous regions of Saudi Arabia. In this study, the application of terrestrial light
detection and ranging (LiDAR) technology was applied aiming to propose a strategy to analyze and accu-
rately depict the detection of rockfall changes, calculation of rockfall volume, and evaluate rockfall haz-
ards along the Habs Road, Jazan Region, Saudi Arabia. A series of temporal LiDAR scans were acquired at
three selected sites. Our results show that these three sites have different degrees of hazard due to their
geological differences. The mean volume loss of sites A1, A2, and A3 is 327.1, 424.4, and 3.7 L, respec-
tively. Statistical analysis confirms the significance of the influence of site type on rockfall volume, with
a probability value of < 0.0105. The rockfall volume and change detection values are then correlated with
precipitation, which is a triggering factor. The study also reveals that the use of terrestrial LiDAR could
reduce time and effort, increase accessibility, and produce effective solutions. LiDAR could be an indis-
pensable tool for disaster risk assessment, response and recovery process.
� 2022 National Authority of Remote Sensing & Space Science. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Rockfalls detach from a high rocky area (cliff/slope) due to the
influence of gravity (Dunham et al., 2017), exhibiting various
motion types such as rolling, bouncing, flying, and sliding, which
have immense volumes of up to over 100 m3. These rockfalls are
posing a major hazard and serious risks to lifelines (roads, high-
ways and pipelines) of mountainous areas (Ansari et al., 2014).
Rockfall events vary temporally and spatially, making it challeng-
ing to predict. To eliminate or reduce rockfall damage to property
and save human lives, a proper evaluation of rockfall hazard is nec-
essary. This will help developers to be proactive in planning urban
areas. Monitoring of rockfall activity plays a crucial role in predict-
ing hazards and risks (Kenner et al., 2014).

Measuring rockfall volume with conventional direct measure-
ments is inaccurate at best and consists of an approximation of
the volume of rock retained in the roadside ditch. The development
of new technologies promises many benefits in measuring rockfall
quantity (volume) (Williams et al., 2018). LiDAR (laser) scanners
are becoming more prevalent because they provide: highly accu-
rate measurements, reach inaccessible locations, and offer greater
confidence and repeatability (Farmakis et al., 2020). The use of 3D
imagery generated by LiDAR is an advanced method for measuring
rockfall volumes due to its capability to provide high vertical and
horizontal resolution (van Veen et al., 2017). LiDAR has been used
in various studies, such as rock mechanics, to determine the geom-
etry of discontinuities; landslides to quantify rockfall rates and to
monitor spatio-temporal changes/deformations with a high level
of detail; and for quantifying rockfall hazard models (Wang et al.,
2017; Fanos and Pradhan, 2018, 2019; Li et al., 2019; Jiang et al.,
2020).

Along the mountainous areas in the southwestern part of KSA,
rockfall is considered as a human-induced hazard. The Habs
escarpment road is situated in the district of Bani Malek, Jazan
region, in the southwestern part of Saudi Arabia, at 17o2204300N

https://doi.org/10.1016/j.ejrs.2022.03.010
1110-9823/� 2022 National Authority of Remote Sensing & Space Science. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer review under responsibility of National Authority for Remote Sensing and
Space Sciences.
⇑ Corresponding author at: Centre for Advanced Modelling and Geospatial

Information Systems (CAMGIS), School of Civil and Environmental Engineering,
University of Technology Sydney, NSW 2007, Australia.

E-mail addresses: otaibi.aa@sgs.org.sa (A.A. Alotaibi), k.j.boyko@mst.edu (K.J.
Boyko), Biswajeet.Pradhan@uts.edu.au (B. Pradhan).

The Egyptian Journal of Remote Sensing and Space Sciences 25 (2022) 435–443

Contents lists available at ScienceDirect

The Egyptian Journal of Remote Sensing and Space Sciences

journal homepage: www.sciencedirect .com

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejrs.2022.03.010&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ejrs.2022.03.010
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:otaibi.aa@sgs.org.sa
mailto:k.j.boyko@mst.edu
mailto:Biswajeet.Pradhan@uts.edu.au
https://doi.org/10.1016/j.ejrs.2022.03.010
http://www.sciencedirect.com/science/journal/11109823
http://www.sciencedirect.com


and 43o1103900E (Fig. 1). The current road serves as an important
link road between the scattered small towns and villages and the
main coastal highway linking the northern part of KSA with the
southern foothills. The road has a length of 14 km, with a very
winding route through rugged mountains with rock cuts through
different types of rock formations. Since its construction, there
has been very little monitoring and maintenance of the road’s con-
dition, and no attempt has been made to estimate rockfall rates in a
traditional or non-traditional manner. At the same time, rockfall
events continue to occur, posing a threat to life and property and
disrupting economic activity due to the closed road. In this study,
LiDAR technology has been used to perform the followings tasks:
(i) to apply change detection and quantify rockfall volumes using
temporal LiDAR scanning; (ii) to investigate the effects of different
rock cliff/slope characteristics on rockfall volume changes; and (iii)
to demonstrate the benefits of using LiDAR technology in rockfall
hazard assessment. The application of terrestrial LiDAR is a novel
work in Saudi Arabia and could be applied in the construction of
3D perspectives to detect and characterize rockfall activity and
rockfall scaling.

2. Review of terrestrial LiDAR application

Laser scanners (LiDAR) are based on time-of-flight measure-
ment between the emitted beam and the reflected pulse from
the object and can detect millions of points in a few minutes
(Jiang et al., 2020). The time-of-flight of the emitted and returned
signals is measured and utilized to calculate the actual distance
to the target using equation (1) (Andrew et al., 2012).

Distance ¼ ðSpeedofLight � TimeofFlightÞ
2

ð1Þ

Pradhan and Fanos (2017) indicated that unnecessary data (out-
liers) generated by the LiDAR errors or multipath beams can be
deleted using certain filters and interpolation techniques. Many
authors have applied LiDAR imagery to assess and monitor differ-
ent types of natural processes (Kogut and Pilecka, 2020). World-
wide, terrestrial LiDAR 3D imagery is widely used to assess
rockfall hazards along highways and roads (Rammer et al., 2010;
Tonini and Abellan, 2014; Carrea et al., 2015). Laser scanning point

clouds have been used to automatically extract discontinuities
(Vöge et al., 2013) with many advantages over manual methods
in which human bias will minimized and the acceleration of results
tenfold. The recognition of rockfall source areas and the identifica-
tion of discontinuities are important concerns in rockfall hazard
assessment (Fanos and Pradhan, 2018). Terrestrial and airborne
LiDAR scans were also used by Kuhn and Prüfer (2014) to monitor
steep, high-elevation sites and deep-seated active landslides by
quantifying change and volume detection through temporal scan-
ning methods.

3. Instrument and testing sites

In this study, a LiDAR scanner (ScanStation II�), tripod, tribrach,
Cyclone� software, generator, power supply for LiDAR and com-
puter, and Ethernet interconnect cable were used (Fig. 2a). Three
sites were selected for this study along Habs Mountain Road
(Fig. 2b, c, d). Site (A1), paleochannel materials (debris flow mate-
rials), is located at 17o2203800N and 43o1201100E and has a width of
23 m and a height of 24 m (Fig. 2b). This site is characterized by
two sections, the lower of which is a stable, nearly vertical hard
rock wall approximately 2.5 m high and the upper of which has
a low angle containing boulders in matrix deposits (gullies) that
lie above the rock outcrop and extend to the top of the outcrop. Site
(A2), a bedrock layer composed of small to medium-sized basalt
blocks, is located at 17o2204700N and 43o1105600E. It is 19 m wide
and 19.5 m high (Fig. 2c). It is characterized by in situ fractured
boulders in the top portion and regolith, covering the bottom sec-
tion. Site (A3), bedrock, which is affected by different joint sets, is
located at 17o2204300N and 43o1104000E with 20.6 m width and
23.5 m height (Fig. 2d).

4. Data collection and processing

4.1. Data collection

The starting and ending points of each area were marked with
paint, measuring its distance and height. The scan resolution was
chosen according to the respective site dimensions (width and
height) and the processing limits of the software, i.e. the resolution

Fig. 1. (a) Location of the study area in KSA; and (b) Location of the three sites selected for the study at Habs Mountain Road.
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was adjusted to complete the full scan in the time available for
fieldwork. To identify the exact location of the scanner, solid metal
poles were used at sites A2 and A3, and site A1 was marked with
red spray paint. This technique was applied to ensure that all mea-
surements taken at different times were of high precision. The tri-
pod and ScanStation II were leveled, although the registration
procedure developed for this project did not require the scanner
to be leveled. Several steps are performed in the following order:
1) determine the LiDAR location; 2) conduct the LiDAR setting;
and 3) measure the distance between the scanner location and
the object. Table 1 shows the data collected at the three sites.
The final step of data collection was to scan objects at different
times from the same scanner location.

4.2. LIDAR data processing

In its simplest form, the data acquired by the LiDAR device are
distance values in directions XYZ coordinates and beam intensities
(I) reflected from the target under study (Fig. 3a). The result of the
LiDAR survey is in the form of a point cloud, which is displayed in a
red, green, and blue (RGB) color image format using a tool built
into the LiDAR scanner (Fig. 3b). Sometimes, this data is referred
to as a dense digital surface model (DDSM). Various file formats
can be generated from the LiDAR point cloud data using a specially
designed software. In the current study, ASCII point file format
(.pts) was used in which each point is represented as a single line
(Fig. 4). A software was developed in a popular programming lan-
guage (C++) by Boyko (2012) was used to transfer the original point
cloud data to a depth image format (.pts file format) with a dimen-
sion of 4300 cells in raw and 3400 cells in columns to calculate the

rockfall volume. These data were projected onto a spherical sur-
face. Each cell in the generated model considers a single point in
the point cloud data. It includes the range, intensity and RGB color
values which are stored in a file in a binary format for effective
processing.

The processing of the data was done in a series of seven main
steps (Fig. 5). The preliminary goal of the action is to obtain a clean
file, followed by georeferencing of the scans and calculation of the
volume of rockfall. These seven steps were conducted using partic-
ular software, which was developed by Boyko (2012) with the
exception of cyclone: these steps are:

A) Cyclone software: used to manage the LiDAR scanner instru-
ment throughout data acquisition procedure and to convert
the data for further processing.

B) FindMinMax: it finds the XYZ minimum and maximum val-
ues for the point cloud area in the vertical and horizontal
directions to limiting the processing window to the point
cloud area of the raw data file (.pts).

C) Load: a raster format file (grid/mesh) with the same original
scan resolution is generated from the raw scan data and the
empty pixels will be filled using the interpolation technique.

D) Register: it is the essential key element, in which all scan
images are registered with great accuracy (Fig. 6). To com-
plete the registration process, four conjugate control points
in each scan image must be identified by the operator. This
essentially converts the images from LIDAR to the base-
datum coordinates. The residual errors of the transformation
are calculated, and the 3D residuals are an indicator of the
general agreement between two scan coordinate systems.

Fig. 2. (a) The equipment used for data collection, (b), (c), and (d) sites A1, A2, and A3, respectively.

Table 1
Scanning parameters used in the current study.

Station Number Scan resolution (mm) Probe distance (mm) Height
(m)

Length
(m)

Number of scan points

A1 8 14,384 24 23 2,641,944
A2 6 15,341 19.5 19.2 9,500,000
A3 10 12,477 23.4 20.6 5,011,652
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It was found that the overall root-mean-square-error (RMSE)
ranges from 1.3 mm (good agreement) to 11.4 mm (poor
agreement).

E) ElimVeg: it detects and removes spikes in data generated by
vegetation cover (grass and trees) using special filters
(Fig. 7).

F) Diff: in this step, subtraction techniques were used for
change detection and comparison between successive scans
to generate a difference surface image based on equations (2

and 3), detecting changes (positive and negative) and no
changes when the difference was zero. In the current study,
the threshold of 0 L was detected as no change. Changes
were calculated in liters as it was suggested by Kassebaum
(2012). To evaluate the overall difference between two
epochs, changes between the different scans were detected
using a pixel-to-pixel algorithm. It provides rockfall blocks
as negative values (loss) below the threshold and accumu-
lated material as positive values (gain) above the threshold.

di;jchnageð�Þ ¼ Ri;j � Ai;j ð2Þ

di;jnochnage ¼ Ri;j � Ai;j ¼ 0 ð3Þ
where, dij is pixels in the difference image, Rij is the pixels in the
reference scan image, Aij is the number of pixels in the analyzed
scan image.

G) CalcVol: calculating the volume of falling rocks is the final
step in these procedures. However, several potential errors
should be evaluated prior to this step, including artifacts,
incomplete elimination of vegetation, discrepancies
between site and date of scan, scanner accuracy, and config-
uration of scanner elements. Note, the LiDAR instrument’s
exact location and the registration process must be per-
formed with care.

5. Results and discussion

In this work, a comprehensive 3D slope stability analysis was
done using LiDAR. The investigated areas indicated that some sites
can hold high risk and require mitigation measures. The change
detection works focus on deformation analysis for designated
objects. Three study areas were scanned between June 28/2013
and September 12/2013. In each case, six scans were made during
this period to produce a surface map of the cliff face. The first scan
was processed, and the second through sixth scans were cropped
to the coordinate system of the first scan and registered with the
scans. Comparison was performed by the subtraction of a resam-
pled set of the data as shown in Figs. 8 and 9. The technique was
applied to the whole scene.

The analysis was compared with respect to the reference, i.e.,
the first scan image acquired on June 28. The detection threshold
was set to 0 (no difference). Due to space constraints, we do not
extend this comparison to multiple scans and note that extending
this approach is quite straightforward. Changes in each step
between the two temporal scenes are identified. The level of detail
that can be detected in different domains is shown in Figs. 8 and 9.
These change detections are represented in loss (negative) and gain
(positive) values. Considering the very different views from which
the two scenes were taken, the ability to detect changes of differ-

Fig. 3. (a) Intensity image of site A2 obtained with the ScanStation 2 scanner. (b) RGB image created with the ScanStation II from site A2.

Fig. 4. Shows the main extracted data from (.pts) files.

Fig. 5. Flow chart of data processing steps.
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ent magnitudes and within a cluttered natural environment is very
good. Since the comparison is done by image subtraction, the
detection of differences is almost instantaneous and requires
mainly the transformation of the analyzed scan to the reference
scene and, when the whole change is sought, the application of
the same transformation is in reverse order. The difference
between each of the second through sixth scans and the first sur-
face map was calculated, resulting in a cumulative difference
map for each successive scan.

The results for sites A1, A2, and A3 indicated that the difference
between the rock surfaces from scan 1 and scans 2, 3, 4, 5, and 6 is
quantified in Fig. 8, which shows five difference maps. Each white
area represents a single block (boulder) or group of blocks (boul-
ders) that have fallen out of their previous position. Where there
was a net volume gain on the difference image, the area was high-
lighted in red. There were very few and only small red zones,

which could represent small blocks that returned to their position
after falling from above, or could be small registration errors dur-
ing scanning. Fig. 9 shows the cumulative volume of lost and
recovered rock in liters. At Site A1, registration errors in scans 6–
29 and 09–12 resulted in less volume lost than in the previous
scan, which is not necessarily the case with a cumulative measure-
ment. This registration error does not occur at sites A2 and A3,
where the cumulative results show a good pattern of cumulative
rock loss at the rock face, except for the period between 7/2 and
8/23, when very little rock was lost.

In the scan of site A1 from 6 to 28 and 6–29 image (Fig. 8), some
lost materials have appeared on the upper right side of the image.
This is most likely an error due to poor registration and tilting of
one scan relative to the other. Another factor that can cause errors
in the registration of recovered or lost material is parallax error,
which is caused by the shift of the LiDAR instrument between suc-

Fig. 6. Images showing the registration process. Note that the small box indicates how well the two points match.

Fig. 7. The vegetation cover before removal in the right image and after removal in the left image.
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cessive scans. Analysis of the data shows that most of this shift
occurred in the x-direction. While it is possible that other factors
may contribute to an increase if there has been a prior loss of mate-
rial, such as material being washed or slurried into voids previ-
ously created by rockfall, this is likely not the case here. This
would have been the result of runoff, precipitation, seismic activ-
ity, or even animal-triggered falls. Although earthquakes are com-
mon in the study area, there were none during this period.

Field observations indicate that the topmost portion of site A1 is
probably a paleo-filled channel (block-in-matrix deposits), with
large, truncated blocks occupying the bottom portion of the filled
channel and the finer, weaker sediments occupying the top portion
(Fig. 2b). The lower right part of the site consists of trimmed bed-
rock. Thus, the lost material is preferentially from the less stable

upper and left part of the site, as shown in Fig. 8. The last scan
(09-12) showed a decrease in the calculated volume compared to
the previous scans (Fig. 9), which may be as a result of the previ-
ously mentioned errors.

Site A2 consists of small to medium-sized basalt blocks (Fig. 2c).
These blocks have sharp edges, indicating less susceptibility to
weathering processes or recent fractures. Site (A2) showed a con-
stant increase in lost material from 150 L to 588 L (Fig. 9). The
increase in recovered material could be attributed to void flushing
by unconsolidated material or by rock falling into the voids from
above.

Site A3: This site is different from the other two sites (A1 and
A2). It consists of hard metamorphic rocks with fewer fractures,
mainly metasedimentary (Fig. 2d), and consequently had much

Fig. 8. Difference scanning results for sites A1, A2, and A3. White and red areas represent rock loss and gain respectively based on difference scans between the initial scan (6/
28/2013) and scans taken 6/29/2013, 6/30/2013, 7/02/2013, and 8/23/2013, and 9/12/2013 for all thre sites. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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smaller amounts of lost rock. Scans showed no change in lost vol-
ume on the second and third images (Figs. 8 and 9). A slight
increase in lost material was noted on the fourth through sixth
scans, while the significant increase in lost material occurred on
the last scan.

In addition, a statistical analysis was performed to compare the
fallen rocks of the three sites A1, A2 and A3 (Table 2). The statisti-
cal analysis of the data showed that the highest mean value is asso-
ciated with site A2, followed by site A1, and the lowest mean value
is for site A3. In contrast, the standard deviation is highest for site

Fig. 9. Change in rock volume (loss and gain) at site A1, A2, and A3. Each bar represents the cumulative volume through sixth scans compared to the first scan.
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A1, followed by site A2, and the lowest value is for site A3. The
results of the calculations performed to determine the significance
of the effect of site type on lost volume are shown in Table 2. The
results of the statistical analysis confirm that the sites (A1, A2 and
A3) are significantly different in terms of the volume of rockfall lost
(p-value < 0.0105). Accordingly, they have a significant influence
on the values obtained for the tested parameter, because the p-
value was lower than the assumed significance level (a = 0.05).
This statistical variability in the parameters of the statistical anal-
ysis is due to the different physical and geotechnical properties of
the materials at each site.

Finally, precipitation data that have been collected from nearest
rain gauge station were analyzed to create a correlation between
rockfall changes with rainfall values (Fig. 10). Results show that
by increasing the cumulative rainfall values, rockfall increased.
Our results are in agreement with various studies, which indicated
that there is a strong correlation between precipitation intensity
and the triggering of landslides (e.g., rockfalls and debris flows)
(Bel et al., 2017; Roccati et al., 2020). In addition, managing rockfall
risks have been done by using terrestrial laser scanner and provide
so accurate data that could be a help in designing detailed mitiga-
tion measures (Kromer et al., 2017).

According to this proposed methodology, including the use of
LiDAR in rockfall modeling and identifying the rockfall trajectories
and final deposition areas. Using the 3D LiDAR model has the capa-
bility to understand the relationship between the falling rocks and
detailed topography. Also, it will help in identifying the optimum
mitigation measures that could help planners and decision makers
to be proactive.

6. Conclusions

This study has illustrated the feasibility and effectiveness of
using LiDAR in change detection, volume calculation, and rockfall
hazard analysis. In the current study, there was no historical rock-
fall volume estimate that could be used as a reference to compare
the results. A number of limitations have been discussed in various
studies associated with traditional rockfall surveys, including

safety issues, terrain inaccessibility, and human error (particularly
error associated with measuring irregular blocks located in uneven
trenches). In addition, it is difficult to cover relatively large areas,
requiring significant manpower, cost, and logistics. The application
of LiDAR technique offers more advantages than conventional
methods. Acquiring dense 3D data of a terrain with high speed
and accuracy and significantly efficient processing could help to
better quantify the main factors controlling slope instabilities,
using spatial scales (volumes from tens of cubic centimeters to mil-
lions of cubic meters) and temporal scales (from days to years).
Statistical analysis of the data showed that site A1 has high vari-
ability, followed by site A2, and the lowest variability is associated
with site A3. The results were verified by a one-way ANOVA test,
where the three sites differ significantly in terms of lost rockfall
volume due to their different physical and geotechnical character-
istics (p-value < 0.0105). The current study considers a number of
challenges: Voids could be created along steep slopes/road cuts by
falling rocks. Later, these voids could be refilled by falling materi-
als. Otherwise, these boulders reach a stable condition (as they rest
on the ground surface. The main conclusions from this study are as
follows: (1) the proposed technique can be applied with great
accuracy to capture 3D images of distant rock slopes and inacces-
sible cliffs. (2) The accuracy of the model of rockfall change detec-
tion and volume calculation depends on accurate registration step.
(3) The results show that the assessment of rockfall hazard is
essential for engineering measures.
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Table 2
Descriptive statistics and one-way ANOVA of the three sites.

Descriptive statistics One-way ANOVA

Sites A1 A2 A3 Between groups Within Groups Total

Minimum 0.35 150 0 Sum of Squares 485297.7 426851.6 912149.3
Maximum 695 588 10 DF 2 12 14
Median 405 504 4 Mean Square 242,649 35,571
Mean 327.1 424.4 3.7 F Ratio 6.821
Standard deviation 277.5 172.3 4.1 Significant 0.0105

Fig. 10. Precipitation data is cumulative since the first scan.
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