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Introduction
Rock slope instability is major geohazards problems for both global and local. Geo-
hazards phenomenon is the downward movement of rock blocks, debris or/and soil 
in response to gravitational stresses. The failures have classified according to the type 
of downslope movement either slides, rotational or flow [1]. One of the major causes 
of rock slope failure is the construction of the transportation system without a proper 
understanding of geological and geotechnical consideration of natural rock slopes [2–5]. 
Furthermore, lack of continuous monitoring and investigations of rock slope throughout 
the year especially before and after the rainy season. In results, these types of geohaz-
ards have been experienced throughout history when human or nature has disturbed the 
delicate balance of natural rock slopes [6–8].

Like all geohazards, the rockfall is a frequent and fastest types of the landslide and 
common in mountainous or hilly regions, especially steep cliff terrain area. In this 
phenomenon, a boulder or a small group of independently moving rocks become 
dislodged and moves downward from the natural or manmade rock slope surfaces 
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[9]. A typical rockfall occurs in a jointed rock slope with a steep cliff face where joint 
planes loss strength due to weathering. Exfoliation weathering has been implicated 
for the formation and subsequent opening of fractures in the rock cliff face lead-
ing to hazardous rockfalls [10]. Other factors include seismic shock, rainfall timing, 
duration, and intensity, freeze–thaw, and anthropogenic activities [5, 11–14]. Rock-
fall incidents have been associated with large monetary losses and loss of life [15, 
16]. Since the heights, inclination, topography, and slope characteristics vary con-
siderably, rockfall behavior becomes quite erratic and difficult to predict. Therefore, 
it needs to understand the rockfall probability to fulfill the increasing demand for 
global construction projects.

The rockmass composed of a system of rock blocks and fragments separated by 
the presence of discontinuities [17]. The rockmass is characterized by shape and 
dimensions of rock blocks and fragments, by their mutual arrangement within the 
rockmass, as well as by joint characteristics such as joint wall conditions and pos-
sible filling [18]. Therefore, it is necessary to understand the process of slope fail-
ure by determination of the geometrical properties of both the rock material and 
the exposed discontinuities. There are few conventional methods (e.g. kinematic and 
limit equilibrium method) or computational methods (e.g. finite element and finite 
difference technique) can significantly be used for instability analysis of discontinu-
ous rock slope. Formerly, the kinematic analysis is most preferable to identify the 
mode of slope failure (planer, wedge and/or toppling) due to the cheap and simple 
method [19, 20].

The specific program is commonly in use to investigate the rockfall such as the roc-
science product RocFall and Colorado Rocfall Simulation Program (CRSP). Currently, 
RocFall (rocscience inc.) is the most widely used [15, 16, 21] to identify the assess-
ment of slopes at risk for rockfalls. Therefore, RocFall program was used in this study 
because of more advantages compared to CRSP [22]. It is a statistical analysis pro-
gram to assess the rockfall risk. The profile of the slope, the geomechanical properties 
of the rockmass and mass of detachable lumped rock are input parameters to find out 
energy, velocity and bounce envelopes for the entire slope. Distributions of energy, 
velocity and bounce height are also calculated along the slope profile.

Al Hada (NH-15) is an important mountain road link between the holy city Mecca 
(al-Haram) and Al-Taif city (Hill and tourist site) of western Saudi Arabia. Many com-
muters used this road with 93 bends on the difference of 1500 elevation in 22  km 
distance. However, many man-made rock cuts excavated using uncontrolled rock 
blasting and mechanical equipment to construct a road in steep mountain and highly 
fractured zone leads to frequent rock failure. Unfortunately, few studies pointed out 
to this phenomena although many rockfall events have been reported in the local 
newspaper especially after the rainy season [6, 23]. There is still requires more study 
to identify rockfall prone area find out after the reconnaissance site visit. Therefore, 
this research brings attention to the rockfall phenomenon on NH-15 to prepare the 
preventive and remedial measure to avoid losses of living and/or damage to proper-
ties. In this regard, selected the eight potentially hazardous sites along Al-Hada road 
and analyzed the rockfall hazards using a statistical tool RocFall developed by RocSci-
ence [24].
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Location and geology of study area
The NH-15 named Al-Hada mountain road is man-made rock cut, which is a part of Red 
sea scarp mountains, situated at the edge of the Hijaz plateau. The study area located 
to western Saudi Arabia and an important route between the Holy Mosque Mecca (Al-
Haram) and Al-Taif city (Fig. 1). The study area is located between latitude 21°22′17.30″N 
to 21°20′11″N and longitude 40°16′08.40″E to 40°13′22.40″E. The dip angle of this steep 
rock cut ranges between 55° and 88°.

Geologically, the Al-Hada mountain rocks are principally plutonic, consisting of major 
diorite to quartz diorite and granodiorite [25]. The investigated rock cut is mainly com-
posed of amphibolites and quartz feldspathic Precambrian metamorphic sequence adja-
cent to the plutonic rocks denoted in the map as shown in Fig. 2. The appearance and 
strength of the study area rockmass are varying due to the variation of the joints and 
weathering grade.

Methodology
Reconnaissance field visit

The design of the rock slope cut is an iterative process and there is no fix rule applica-
ble on every site [7]. Thus, every reconnaissance survey is unique. Therefore, a reconnais-
sance field visit was conducted to observe the rockfall-prone area. It was found that steep 
rock cut slope constructed within jointed and fracture rockmass resulting prone to rock 

Fig. 1 Location of steep rock cut mountain road of Al-Hada (NH-15)
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instability. However, few areas of man-made cut slope supported by rock bolt and retain-
ing wall within 22 km road. But there is still an adverse consequence of rock failures in 
the area. Accordingly, priority consideration for the safety of commuters from rock failure 
events, a study is highly required to avoid any probable adverse consequences. Therefore, 
total eight vulnerable sites selected for kinematic and rockfall analysis in this study (Fig. 3).

Kinematic analysis

The objective of the kinematic analysis is to define a set or sets of discontinuities which will 
control the stability of rock slope [7]. The orientation of geological discontinuities is the 
prime factor which majorly influencing rock stability. The orientation data can be collected 
from the exposed rock cut face with recommended terminology (dip direction/dip angle). 
Generally, the kinematic (stereographic projection) techniques widely used to represent 
the three-dimensional field orientation data to be in two dimensions [3, 8, 19, 26]. Then, 
the potential modes of rock failure (planer, wedge, and/or toppling) can be determined. In 
this study, the measured field orientation data of eight sites were interpreted by the widely 
used Rocscience product called DIPs to identify the potential mode of rock failure.

Rockfall analysis

A rockfall is a fragment of rock or a block detached by sliding, toppling, or falling, that 
falls along a vertical or sub-vertical cliff, proceeds downslope by bouncing and flying 
along trajectories or by rolling on talus or debris slopes [27]. RocFall program (Rocsci-
ence products since 1996) used in this study which is widely used in modeling the rock-
fall simulation problems [12, 15, 28]. The lumped mass analysis method accompanied by 
the software was used in this study. Table 1 depicted the presence of approximate block 
size and mass of every marked rockfall site. It has found that the minimum and maxi-
mum mass for site 3 and 5 is 11 kg and 4168 kg, respectively. It can be observed from 
Fig. 3 that site 3 is heavily jointed and weathered rockmass, whereas site 5 have large 
spacing block size face zone.

Block trajectory, motion, bounce height, energy, velocity, and run-out distance of fall-
ing rocks can be determined by this program, which is based on the laws of motion and 
collision theory [29]. However, the collision of two bodies always results in the transfer 

Fig. 2 General geology of Al-Hada road (NH-15)
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and loss of energy, which depends on fundamental properties like mass, impact velocity, 
and the environment in which the collision takes place. The losses of energy during frac-
turing or the post-impact rebounding velocity are generally defined by the coefficient 
of normal restitution  (Rn) and coefficient of tangential restitution  (Rt), which are slope 
material properties [30–32]. It is the ratio of the relative velocity of after collision to 

Fig. 3 Eight sites along NH-15 mountain road identified as susceptible to rockfalls
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initial before collision [33]. It normally ranges from 0 to 1. The Coefficient of Restitution 
(COR) will be close to 0 when the rock slope contains thick vegetation with loose debris. 
This means that falling rock materials striking the rockmass material rebound with zero 
velocity, resulting to stop the falling rock more quickly. In contrast, this value will close 
to 1, when rockmass rebound back to falling rock at the same speed [11, 33, 34]. Table 2 
shows the three different types of materials used for rockfall analysis. The tilting test 
used to estimate the friction angle of rock discontinuities in this study [35].

Results and discussion
The rocks along the study area on the NH-15 (Al-Hada road) are highly jointed with 
variable joint spacing, which leads to the formation of variable block sizes. More than 
hundreds dip/dip direction measured by Brunton compass at each sites. Dominant joint 
set data were observed by pole density. Majorly, three sets of slightly weathered joints 
were observed with varying persistence and frequency at eight sites as listed in Table 3. 
The kinematic studies results for each site demonstrated in Fig. 4. The results showed 
that the predicted rockfall sites 1, 4, 6, 7 and 8 may be more prone to planar and wedge 

Table 1 Block volume and corresponding mass at each rockfall site

Rockfall site number Volume  (m3) Mass (kg)

1 0.380 951

2 0.167 417

3 0.004 11

4 0.412 1029

5 1.667 4168

6 0.409 1023

7 0.346 866

8 1.548 3871

Table 2 Used parameters for the rockfall analysis

Parameters Barren rock Asphalt Ditch

Coefficient of normal restitution  (Rn) 0.4 ± 0.04 0.4 0.3

Coefficient of tangential restitution  (Rt) 0.8 ± 0.04 0.9 0.8

Friction angle (°) 30 ± 2 – –

Table 3 Dominant joint set data at eight rockfall sites

Rockfall site 
number

Joint set  (J1), ° Joint set  (J2), ° Joint set  (J3), ° Slope, °

1 50/340 81/264 13/245 62/249

2 64/150 72/147 30/81 75/333

3 75/349 35/230 45/201 37/315

4 42/105 75/216 22/340 67/016

5 89/158 87/210 43/154 78/024

6 34/097 72/009 84/137 87/149

7 84/244 51/350 25/355 65/217

8 48/222 45/227 20/180 60/281
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Fig. 4 Kinematic analysis of rockfall-prone sites
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failure, whereas sites 2, 3, and 5 are most likely to undergo toppling failure. These failure 
blocks triggered to rockfall due to steep rock slope face, reaching the road and causing 
undesirable consequences. 

The results of RocFall program of eight sites analyzed and interpreted in terms 
of trajectory, motion, runout distance, bounce heights with translation velocity and 
total kinetic energy. The falling trajectories and their endpoints are shown in Fig. 5. 
Some slopes (i.e., sites 2, 3 and 7) have benches on which detached rock blocks 
first bounce. Their trajectories are decided by the characteristics of the benches. A 
great amount of energy is lost after the first impact, causing fragmentation of blocks 
into smaller pieces on impact. Additional slope characteristics determine the posi-
tion of the detached blocks: some may stop at first impact, some may travel farther 
downslope, and some may even travel hundreds of meters to reach the valley floor. 
The analysis results showed the starting falling rock with X (m) and Y (m), the mass 
of falling rock (kg), first hit point and run out the distance of falling rock. The slope 
height is more than 15 m in all study locations except site 4, which allows the blocks 
to attain higher velocity and even higher momentum. Therefore, rock motion begins 
with sliding in all cases and is generally observed in the final stages of rockfall as 
well.

If the slope gradient remains constant in the sliding zone, the blocks stop because 
of energy loss due to friction. Several case studies have shown that this type of 
motion seldom occurs in mountainous areas because cliff faces are near vertical. It 
can be noticed that site 4 has the highest run out distance (51  m), whereas site 5 
covered the less distance (5 m). Furthermore, it can be clearly observed that falling 
rock hits the rock slope and ditches material then bounce and roll a few times along 

Fig. 5 Rockfall analysis showing trajectory, motion and run out the distance of the falling body
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its trajectory before stopping or resting the asphalt. Therefore, it is a high proba-
bility to hit the commuters on a mountain road. The estimated maximum bounce 

Fig. 6 RocFall models of bounce height for eight cut slope faces
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heights were plotted with run out distance Fig. 6. The results showed that site 2 have 
attended the 1.4  m bounce height which is minimum as compare to another site. 
In contrast, site 7 attended the maximum bounce height which is 8.5 m. Research-
ers have used translational velocity and kinetic energy values obtained from rock-
fall analysis to characterize the damage capacity of rockfalls as high (> 300  kJ), 
medium (30–300  kJ), and low intensity (< 30  kJ). The hazard zoning of rockfall is 

Fig. 7 Translational velocity and total kinetic energy for the analyzed cut slope face
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not an absolute scale but usually attained using a qualitative estimate of hazard in 
terms of the intensity of the considered phenomenon (e.g. kinetic energy for rock-
falls). Therefore, an attempt to refine rockfall hazard zoning based on the kinetic 
energy for this study to classify the intensity level zone. The results showed that site 
5 and 8 at the high-intensity level zone, which contains the highest kinetic energy of 
800 J and 500 J, respectively (Fig. 7). On the other side, site 2 and 3 marked at low-
intensity level with the value of 29.5 J and 2.75 J, respectively. The results of RocFall 
program of each site tabulated in Table 4.

Conclusion
The NH-15 (Al-Hada) road of western Saudi Arabia is not only a very important route for 
commuters but also highly susceptible to rockfalls, which might risks to humans and led 
to large monetary losses. The different mode of rock failures identified from the kinematic 
analysis which was the sources of rockfall block under steep rock slope face. The eight study 
sites were highly jointed, with variable block size and jointing pattern giving way to planar, 
wedge, and toppling mode failure. Rockfall analysis with RocFall was used to model the tra-
jectory, endpoint, velocity, and maximum impact energy. Block detachment was the most 
common mode of motion from joints plane in the initial stage which followed by bouncing 
and freefall. The bounce height ranged from 1.3 to > 8 m among the eight sites. The damage 
capacity was classified as high at two sites (site 5, and 8) and low to medium at the other 
sites. The blocks have the sufficient energy and velocity to travel very far from the slope face 
and consequently, there is a high probability to create extensive risks to commuters if they 
fall.
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Table 4 Results of RocFall program simulation for eight site of NH-15

Rockfall 
station 
number

X (m) Y (m) Mass 
(kg)

First hit 
point 
from X 
(m)

End 
point 
(m)

Max 
bounce 
height 
(m)

Max 
translation 
velocity 
(m/s)

Max 
total 
kinetic 
energy 
(J)

Max 
intensity 
level zone

1 0.5 13 951 5 9 6 15 120 Medium

2 11.5 16 417 12.5 18.5 1.4 11 29.5 Low

3 0 26 11 2 11 3.3 18 2.75 Low

4 45 10 1029 47.5 51 2 11 70 Medium

5 0 20 4168 3.5 9 5.5 21 800 High

6 9 21 1023 21.5 24 5.5 17 180 Medium

7 1.5 15 866 6 10 8.5 13 90 Medium

8 15 16 3871 19.5 23 2.25 15 500 High
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