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INTRODUCTION

Rockfall occurs anywhere there is an exposed rock
face, either manmade or natural. It comprises localised
and often unpredictable dislodgement of materials from
a face and has been a problem in quarries since
excavations progressed above head height. Within the
quarrying environment it is imperative to assess and
control rockfall as it is a work place where many
thousands of people are exposed to the hazard. At
present the UK Health and Safety Executive (HSE) do not
specifically record the number fatalities, serious injuries
or lost time incidents as a consequence of rockfall; any
such incidents are incorporated in the ‘injury by falling
object category’.

As soon as a rock face is exposed weathering
commences, and on slopes steeper than the angle of
repose this leads to erosion and potentially rockfall.
Regulation 30 of the Quarries Regulations (1999) states
“The operator shall ensure that excavations and tips are
designed, constructed, operated and maintained so as to
ensure that - (a) instability; or (b) movement, which is
likely to give rise to a risk to the health and safety of any
person, is avoided.” It should be noted that no time
limit is mentioned, therefore it is inherent that instability
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or movement must be avoided throughout the life of
the quarry.

Rockfall analysis is required to assess the likely extent,
impact and therefore risk arising from rockfall in any area
of a quarry where people or plant are exposed to the
hazard. It is accepted that in the majority of situations
rockfall cannot be prevented. However, it is vital that
mitigation measures are correctly designed to minimise
the potential risk.

CURRENT ROCKFALL ANALYSIS TECHNIQUES

Proprietary rockfall analysis computer programs
usually require knowledge of a number of factors which
control the trajectory of the falling blocks. Such
programs usually include some form of probabilistic
Monte Carlo statistical analysis to vary the input
parameters in an attempt to recreate variability
encountered on site. The input parameters usually
include inter alia: internal angle of friction, normal and
tangential coefficients of restitution, angular velocity, a
surface roughness factor and the rock face profile. The
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average value of each parameter will normally have a
value of variation from the average assigned to it to
reflect both natural variability and a confidence level.

The internal angle of friction of a variety of rock types
are reasonably well defined in the literature. If the angle
of friction is not defined then a simple field tilting test
using two blocks can be used to determine a value.

The coefficients of restitution are fractional values that
represent the ratio of velocities before and after a
collision between two bodies. A body with a coefficient
of restitution of 1 behaves perfectly elastically and results
in no energy loss, whereas a body with a value of zero will
absorb all energy such that all movement is immediately
stopped. Both normal and tangential values are defined
to model the ratio of velocity change both normally and
tangentially to the surface. Through experimentation
these values are reasonably well defined for many of the
material types commonly quarried (Hungr and Evans,
1989; Pfeiffer and Bowen, 1989; Pfeiffer and Higgens,
1989; Robotham et al., 1995; Chau et al., 1998).

In contrast, the value for surface roughness can vary
greatly depending on lithology, geological structure,
excavation technique etc., and should be reviewed in
detail by the design engineer prior to rockfall analysis. It
is consequently subjective. The surface roughness
parameter value is a measurement and standard deviation
of the asperities present on the rock face. Thus, to build
a realistic model the assigned roughness value may vary
significantly across different sections of an excavated
face. Each section of a rock face must be correctly
modelled if the analysis is to be valid. It is usually not
practical or safe to carry out a detailed inspection of
surface roughness of all the faces in a quarry.
Consequently the engineer makes a subjective estimate
of average surface roughness along with an estimate of
the variation. The face profile and surface roughness
overprint parameter have a significant effect on the
potential rockfall trajectory envelope generated from
rockfall analysis programs. It is extremely important that
these are as close to reality as possible and removing
subjectivity is a significant step forward in predictive
design.

Until recently the general profile of a rock face has
been derived from a variety of methods including
simply drawing straight lines from the crest to toe of the
face (the levels of which are gained from a 3D survey),
using long range targetless survey techniques or by
physically surveying and measuring the rock face via
roped access. Each method is progressively more time
consuming and expensive than the previous although
the degree of accuracy increases incrementally. It should
be noted though that even surveying of a rock face
using roped access personnel usually gives an resolution
of c. 1 point per metre and often only a single section
down the face is recorded whereas the section 5m
either side the profile may be subtly, but significantly,
different.

A further weakness of direct measurement and
assessment of surface roughness is that the engineer
requires prolonged exposure to the rock face, increasing
the exposure to the rockfall hazard. Furthermore the
engineer can only take measurements of the rock face
surface that can be reached.

NEW METHOD USING BLASTMETRIX3D AND
SHAPEMETRIX3D

BlastMetriX3D and ShapeMetriX3D were developed by
3G Software & Measurement of Austria in 2005 and
comprise a package that has been designed to produce
accurate 3D images using a standard SLR camera and a
pair of calibrated range poles, in a matter of minutes.
The operator takes two photographs from positions
spaced apart approximately 1/8th of the distance from the
rock face. The resultant stereo pair of photographs is
then rendered into a 3D computer model/mesh of the
rock face by BlastMetriX3D onto which the photograph
of the face is draped. Once the 3D computer image of
the rock face has been generated, if the surveyed
co-ordinates of the two range poles are entered into the
model then the model is fully orientated. The
BlastMetriX3D system enables rock faces to be evaluated
with minimal time spent in the hazardous area at the foot
of the rock face. If the rock face is judged as being too
hazardous to approach then the range poles can be
positioned beyond the potential rockfall danger area as the
system does not require direct contact with the rock face.

One of the primary uses of the rendered rock face
model is the remote geotechnical survey of discontinuity
orientation and spacing etc. needed for slope stability
analysis required in any geotechnical analysis. However,
it is found that this modelling system can also be used to
produce very accurate slope profiles for use in computer
rockfall analysis and the process for output is outlined
below.

Once the 3D computer model has been produced and
orientated, suspect and critical rockfall lines are selected.
These may be below areas of the face where an obvious
rockfall hazard exists or above critical locations,
structures or access routes. Using the section tool in
ShapeMetriX3D section lines are drawn as on the model.
Each suspected rockfall line needs be drawn, as close as
possible perpendicular to the rock face. Multiple section
lines can be selected. The section lines are output in a
.dxf format which can be imported into an AutoCAD type
package. Digital terrain model (DTM) programs cannot
be routinely used for this process as these are unable to
model sectional overhanging easily.

The individual section lines are exported as XYZ
co-ordinates from AutoCAD using the LIST command
and entered into a spreadsheet in a .csv format.
A spreadsheet has been written to convert the 3D
oriented data into an appropriate 2D section appropriate
for import into rockfall analysis programs. The
spreadsheet performs the following operations:

1. Converts the XY proportion of the data into a
combined single co-ordinate.

2. Marries up the correct elevation, Z, with the combined
co-ordinate.

3. Lists the section co-ordinates and the elevation in a
.csv format.

4. Plots the resultant section profile on an two
dimensional scatter graph so the user can check the
profile before exporting for further analysis.

5. Outputs the data in a .dxf format for importation into
rockfall analysis program.
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Using a 10 Megapixel SLR camera this process typically
produces a cross section defined by approximately 200
data points for a 12m high rock face, which results in a
resolution of up to 60mm between data points.
Consequently there is no requirement for the engineer
to give a subjective estimate for surface roughness in
the rockfall model as the rockfall profile is accurately
determined.

CONCLUSIONS

The method described herein of deriving an accurate
sectional profile using rendered stereopairs, results in a
section of relatively high resolution suitable for input into
rockfall analysis programs. It removes all subjectivity in
ascribing the surface roughness parameters and the
uncertainty associated with an average figure from all
sections of the face. For a 12m high rock face the
method typically results in 100-200 data points defining
the slope profile, giving a resolution of 60 – 120mm
between data points. The technique reduces uncertainty
in the many variables used when conducting a rockfall
analysis, resulting in a more accurate prediction of
potential rockfall events. This enables the improved
design of appropriate mitigation measures.

To date this method has been successfully used when
standing between 10 and 300m away from the rock face,
eliminating the risk of entering the potentially hazardous
area at the base of the rock face. The derivation of a
rendered face model means that any number of face
profiles may be output for analysis to assess the
variability across the face width.
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