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Probabilistic rockfall modelling is commonly carried out by engineers, though it is heavily reliant on the availability of realistic input 
parameters, such as slope geometry, initial block conditions, and material coefficients of restitution. In particular, slope geometry and 
roughness data tend to be inadequate, because complex slope profile geometries cannot normally be identified using conventional 
topographic surveying techniques. Soil and rock parameter selection can lead to unrealistic energy outputs when ground and site 
investigation is poorly designed. This study couples geotechnical and geophysical data with an Unmanned Aerial Vehicle (UAV) 
derived high resolution Digital Terrain Model (DTM) to better inform statistical rockfall analysis. The work presented demonstrates 
that imagery of up to 400 m of sub-vertical to vertical limestone cliff and talus cone can be captured by a UAV and processed into 3D 
data for the purpose of geotechnical model development. Through creation of a detailed geotechnical model, back analysis, and 
extensive ground truthing, this study demonstrates that efficient protection structures can be proposed to manage rockfall risk in areas 
where uncertainty around block kinetic energies is high due to very high potential fall heights.  

 

 

1  INTRODUCTION 

Geotechnical assessment is often required to improve rockfall 
prediction prior to the development of residential areas or 
transportation corridors beneath rock slopes and cliffs. By 
collecting site-specific geotechnical and topographic data, 
theoretical rock block energies and trajectories can be analysed, 
which facilitates the selection and design of appropriate 
protection measures. 

It has been recognised that it is difficult to obtain rockfall 
simulation outputs that are close to actual conditions without 
first knowing the ground conditions, and second calibrating 
calculations with site measurements and observations (e.g. 
Wyllie 2015; Schweigl et al., 2003). A number of engineers 
have provided data from well documented, full-scale rockfall 
tests (e.g. Ushiro et al., 2006; Pierson et al., 2001). However, 
such tests are not practical or economically viable for the 
majority of construction projects and therefore, geotechnical 
mapping and engineering judgement has to be relied upon.    

In order to facilitate the proposed construction of a major 
residential development in Gibraltar, the existing road needs to 
be re-routed further into the talus slopes below the limestone 
cliffs that extend to over 380 m above sea level. The 
geotechnical assessment considers the implications of this 
proposed re-alignment. As part of this assessment, rockfall 
modelling has been carried out using field study data, back 
analysis to determine input parameters, and ground truthing to 
verify outputs. The purpose of providing information from this 
case study is to (1) provide a practical approach to rockfall 
simulation; and (2) to add to the available data in the literature. 

 
2  FIELD SETTING 

From the North Front southwards for nearly 2.5 km, the Rock 
of Gibraltar forms a sharply ridged crest rising to a maximum 
height of 424 m above sea level. In an east-west profile the 
ridge is asymmetric. The eastern face slopes very steeply down 
to the sea. The lower parts of this slope are moderated by scree 
breccia, talus and aeolian sand. 

The asymmetric ridge is the surface expression of continent-
continent collision when the arc of Gibraltar was formed around 
15-20 Ma; a sheet of limestone was thrust to the west, fractured, 
and partially overturned (Rose and Rosenbaum 1991). 
Exhumation of the rock has resulted in a loss of confinement 
over time and thus, tension features have formed and are 
common across the face creating ideal conditions for rockfall. 

The talus cone below the limestone cliffs serves as a useful 
rockfall record, including a high number of block end points on 
the surface and at depth, representing relatively recent and 

Quaternary age rockfalls, respectively. Run-out zone end points 
beyond the talus slope are obscured by reclaimed land and the 
Mediterranean Sea.   

 
3  FIELD STUDY 

3 .1  Geotechnical Mapping 

The limestone forming the cliffs above the study area consist of 
strong to very strong, fine to medium grained, crystalline, 
thickly bedded, slightly to moderately weathered (FeO), 
LIMESTONE (dolomitised in areas). Moderately dipping to 
sub-horizontal bedding planes and steeply dipping orthogonal 
joints sets exist across the cliff faces. 

At lower elevations within the study area, scree breccia 
drapes a number of limestone benches before being obscured by 
cemented sand and talus. Where exposed, the superficial 
deposit can be described as a weak to strong breccia of angular 
limestone clasts (gravel size to several metres across) in a 
calcareous, sandy matrix. 

 The scree breccia is overlain by aeolian sand deposits 
comprising cemented to loose, fine to medium grained, well 
rounded, SAND; and talus material comprising loose, gravel to 
boulder sized angular limestone and SAND. Gravel and 
boulders are angular of limestone. Sand is well rounded of 
various lithologies. From the mapping exercise it was not 
possible to determine the depth of the aeolian sand and talus 
material (see Section 3 .2). 

The slope of the talus cone is largely controlled by the 
friction angle of the surface material. During the field study, the 
slope appeared very sensitive to minor perturbations; it is 
believed that the slope is marginally stable, holding a mean 
angle of 31° to 35°. 

As part of the geotechnical mapping, a boulder survey was 
carried out. Locations of all boulders inspected were recorded 
using a Global Positioning System (GPS) device, and notes on 
rock block shape and size were recorded.   

3 .2  Seismic Refraction, Probe and Anchor Test Investigation 

Four seismic refraction spreads were recorded across the 
surface of the talus cone. The seismic data outlines four velocity 
layers: >3500 m/s; 1500-3500 m/s; 1000-2000 m/s; and <1300 
m/s, interpreted as scree breccia; cemented sand; talus; and 
aeolian sand, respectively. Using the correlations described by 
Yasar and Erdogan (2004) a number of strength and 
deformability parameters were considered for each layer.  

The objective of the probing investigation and soil nail 
suitability testing was to obtain information to correlate with 
the seismic refraction data, and to substantiate the possible 
ground conditions. The probe data correlated well with the 
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seismic spreads. In addition to this, pullout resistances were 
calculated and information on grout loss was gained.  

3 .3  UAV Survey 

Imagery captured during two UAV flights required extensive 
processing to turn it into 3D data. The survey was referenced to 
HM Government of Gibraltar’s Control Network Points / 
Geodetic Stations and Gibraltar Ordnance Datum. 
 
4  ROCKFALL MODELLING 

We adopt RocFall Version 5.0 (RocScience 2014) to carry out 
probabilistic 2D simulations of rockfall. Whilst the program 
adds objectivity to the otherwise very subjective task of 
investigating rockfall behaviour, many aspects of using this 
program rely on the judgement of the engineer. 

The rigid body analysis method is selected as it allows block 
shape to be defined. As a result, the rigid body model more 
accurately models rotational effects. It considers the impulse 
reaction of the rock during the instantaneous contact period 
with the slope to determine the critical events of the fall, 
including slip-stick, and reversal behaviour during compression 
and restitution phase.      

4 .1  Parameter Selection 

Through collecting high resolution topographic data, rockfall 
profiles, potential release plane angles, block dimensions, 
volumes, and shapes have been extracted directly from the 
DTM.  
  During the initiation of a rockfall, movement involves initial 
conditions which dictate the way in which the block moves 
away from the slope in a parabolic trajectory. When failure 
occurs, the rolling or sliding block will have an initial 
translational velocity (V) after sliding length (LD) as described 
by (Giani, 1992): 
 
            V = 2√g(sin(a)-tan(ɸ)cos(a)LD                 (1) 
 
Where g is gravitational acceleration, a is the inclination of the 
plane along which failure occurs, ɸ is the plane friction angle, 
and LD is the length the block slides prior to detachment (i.e. 
length of failure plane).   

Impact mechanics theory can be applied to rockfall events to 
enable calibration of models, assisting with the parameter 
selection process. Describing the theory goes beyond the scope 
of this paper, however, a comprehensive overview is provided 
by Stronge (2000).     

With a focus on the soil and rock studied in the field, we 
first consider material parameters available in the literature to 
carry out back analysis of a recent rockfall with a known source 
area and rock block end points. Adjustments to material 
properties were necessary to produce calculated rockfall paths 
that followed actual paths.  

It is important to note that RocFall 5.0 does not model 
fragmentation (i.e. secondary fly rock). This was done by 
estimating the initial volume of the failure mass and measuring 
the volume of a secondary block with a known end point. By 
calculating the velocity components directly after the initial 
impact, between the mass and the slope material, the model was 
re-run from the impact point using a block that closely 
replicated the actual end point block. This is by no means a 
perfect alternative to using software that can model the 
mechanism of impact fragmentation. Therefore, it is essential 
that input parameters include standard deviation (SD). The 
Monte-Carlo sampling method will randomly select values for 
each simulation from the probability distribution defined by the 
SD. Material parameters and standard deviations selected are 
provided in Table 1. 

 
Table 1. Material parameters used in RocFall 5.0. 

Material 

type 
Rn Rt 

Dynamic 

Friction 

Rolling 

Resistance 

Aeolian sand 

Talus 

Breccia 

Limestone 

0.30** 

0.32**** 

0.50*** 

0.80**** 

0.85*** 

0.80* 

0.80*** 

0.90**** 

0.64** 

0.60 

0.55 

0.42 

0.60** 

0.75*** 

0.45 

0.40 

* 
SD 0.01  

**
 SD 0.02  

***
 SD 0.03  

****
 SD 0.04 

Rn means normal coefficient of restitution and Rt means tangential coefficient of restitution 

4 .2  Outputs 

The simulations are reasonable with respect to block end points 
mapped during the boulder survey. However, it is difficult to 
comment on blocks with run-outs beyond the toe of the talus 
slopes as the distal rockfall record is currently obscured. 

The modelling results indicate that a number of 95 percentile 
rock block energies were at or below the Service Energy Level 
(SEL) of available dynamic catch fences. The majority of 95 
percentile kinetic energies were greater than the Maximum 
Energy Level (MEL) of available dynamic catch fences.  
Fragmentation scenarios indicate 95 percentile values below 
fence MELs.  

 

5  DISCUSSION AND CONCLUSIONS 

Many rockfall engineers have recognised the importance of 
geotechnical assessment, back analysis and ground truthing 
(Wylie 2015). While this paper presents only part of the 
preliminary geotechnical assessment and rockfall modelling, it 
has demonstrated the promising use of coupled UAV imagery 
and geotechnical field data.  

As a result of modelling actual ‘at-risk’ blocks, it has been 
identified that a dynamic catch fence with a suitable MEL does 
not currently exist on the market. Therefore, we propose an 
attenuator system to manage rockfall risk within the study area. 
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