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ABSTRACT 
 
The design of effective rockfall protection barriers from first principles can involve detailed site 
characterisation, extensive trajectory modelling and complex structural design. Alternatively, if the 
nature of the rockfall hazard can be characterised on the basis of the geological environment, then it is 
possible select a protection strategy with appropriately specified design considerations. In this paper, 
a parametric study of rockfall phenomena in areas of the Narrabeen Group is undertaken to determine 
the likely characteristics of the rockfall hazard that must be managed. Starting with statistical data on 
the size and shape of the rock debris, and measurements of the coefficients of restitution that are 
representative of the ground slopes in Narrabeen sandstone environments, a series of rockfall 
simulations are undertaken for potentially hazardous slopes extracted from the RTA’s slope 
management database. The results present the distribution of energies and trajectories of blocks that 
are likely to enter road reserves in Narrabeen environments, and they suggest that fences with energy 
capacities up to 3200kJ, up to 4m high may be required to effectively manage the most severe rockfall 
risk in these areas. The parameters determined are especially useful in the context of producing a 
protection fence design that is specifically targeted to being both efficient and effective. 
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1 INTRODUCTION 
 
In areas of moderate and steep terrain, where rocks outcrop or express as loose material at the 
surface, the rockfalls pose a hazard that must be managed. In New South Wales, Australia, rockfall 
hazards are often limited to pre-detached blocks on moderate slopes, and whilst the frequency and 
severity of these rockfall phenomena are much less than those experienced in alpine regions, they 
pose widespread and ongoing risks which must be managed, at considerable public cost. This paper 
focuses on regions within the Narrabeen Group, and on the parameters which govern the motions of 
falling rocks in this area, once initiated. 
The motion of a falling rock is influenced by the size and shape of the block, the roughness of the 
slope, the rock type and the dynamic interactions that occur between the block and the slope during 
impact (Dorren, 2003; Ritchie, 1963; Pfeiffer and Bowen, 1989; Giani, 1992; Azzoni et al, 1995; 
Agliardi and Crosta, 2003). Rockfall motions can be modelled using software such as CRSP (Colorado 
Rockfall Simulation Program; Pfeiffer and Bowen, 1989) or Rocfall (Stevens, 1998) which requires 
specific data on block size and shape, slope roughness and coefficients of restitution. This paper 
provides data on these parameters, and uses this to determine representative design motions of 
blocks that might impact with transportation infrastructure in regions within the Narrabeen geology of 
NSW. A specific software has also been developed to take into account parameter values which could 
not be used with the aforementioned programs. 
 
2 THE NARRABEEN GROUP AND ITS ENVIRONMENTS 
 
The Narrabeen Group is a sequence of mostly fluvially-derived sedimentary rocks of late Permian to 
middle Triassic age. They comprise around 800m of lithic conglomerates and quartz-lithic sandstones 
and shale units (Herbert and Helby, 1980). The mostly sub-horizontal sandstone units form some 
relatively steep topographies between the Central Coast and Newcastle, and westward into the 
southern parts of the Hunter Valley and the Wollemi National Park. The extent of the Narrabeen Group 
is a little unclear, as differentiation between Narrabeen Group units and the somewhat similar but 
overlying Hawkesbury sandstone is not easily made in many areas (Bryan et al, 1966). Whilst units 
such as the Munmorah conglomerate, Tuggerah formation and Gosford Formation are clearly 
recognised as Narrabeen Group, there is less clarity as to the extent of the Narrabeen to the south 
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and west of Sydney. Herbert and Helby, (1980) consider that the Bulgo, Coalcliff and Scarborough 
sandstones also belong to the Narrabeen Sandstone. Figure 1 shows an approximate extent of the 
Narrabeen rocks in the Sydney Basin. 
Units of the Narrabeen express as incised ridges and plateaus, with low to moderate cliff lines and 
steeper debris-laden scree slopes. Transportation corridors in these areas are often adjacent to 
steeper slopes and at risk from falling blocks. 

 

 
Figure 1. Approximate distribution of the Narrabeen Group. 
 
3 BLOCK SIZE 
 
The size of naturally occurring and potentially unstable debris in the Narrabeen landscapes is mostly 
determined by the lithology and structure of the parent rock mass, and the weathering and erosion 
processes of the prevailing environment. A survey was carried out of the size and shape of 147 larger 
(>~200mm) blocks on three different natural slopes in the Mount Sugarloaf/Watagan Mountain region 
to the west of Lake Macquarie. One of these located at the base of some short (~10m) cliffs; one was 
on the top of a ridge (above cliffs) and the third was a moderate slope without any cliff line 
development. For each block, the longest, shortest and intermediate dimensions (dmax, dmin, dmid) were 
measured, and from this, the average dimension (dav) was determined. Figure 2a shows the frequency 
distribution of the average block sizes. 
The mean average block size is 850mm, with a standard deviation of 50mm. The median average size 
is 670mm and the largest fragment encountered had a mean block size of 3900mm, though this was 
an outlier. The distribution of block sizes is strongly asymmetric and appears to have the form of a log-
normal distribution. The 95

th
 percentile block size is around 1950mm, and is used as the design block 

in the following analyses. 
 
4 BLOCK SHAPE 
 
Block shape is difficult to quantify in a systematic way due to the infinite variety of possible block 
shapes. For the purposes of this study, 5 general forms are recognised: 

• Ball forms: (including spheres, cubes, and octahedral) where dmax≈dmid≈dmin.  

• Cylinder forms: (including cylinders, prisms and elongated rhombohedra) where dmax>dmid≈dmin.  

• Disc forms: (including discs, square and polygonal tablets and hemispheres) where 

dmax≈dmid>dmin.  

• Cone forms: (including pyramids and cones) usually where dmax> (dmid, dmin), coming to a point at 
one end of their long axis.  

• Acute forms: These have few common characteristics other than comprising awkward shapes 
generally not prone to rolling, include wedges, tetrahedrons, slabs and disphenoids. 

These provide a general shape classification that differentiates shape according to basic rolling 
motions. For example, ball forms tend to roll sustainably with straight trajectories, cylinders roll when 
the long axis is across the slope, but are stable when their long axis is aligned with the slope; discs roll 
when the short axis is across the slope, but are stable when their short axis is perpendicular to the 
ground surface; and cone and acute forms generally do not roll sustainably. 
The distribution of basic block forms is shown in Figure 2b. Ball forms make up almost 20% of all 
blocks, discs and cylinders make up around 65%, and only 15% are the more stable acute and cone 

ANZ 2012 Conference Proceedings 174



forms. The dominance of ball, cylinder and disc forms (and relative scarcity of more angular forms) is 
a consequence of the basic structure of the Narrabeen rock masses, that are typified by near 
horizontal beds, primary non-diastrophic jointing, and little or no tectonic structures. 

   
          a) Distribution of sizes    b) Distribution of shapes 

Figure 2. Size and shape of Narrabeen sandstone slope debris.  

 
5 SLOPE ROUGHNESS 
 
The Narrabeen landscapes are typified by stepped slopes, scree and colluvial aprons. Low outcrops 
and rock debris are commonly expressed at the surface. In general, the slope roughness increases as 
slopes become steeper. Gentler slopes exhibit surface irregularities/undulations up to 0.3m deep on a 
length scale of 1-3m formed mostly by scattered debris. More moderate slopes (15-30 degrees) 
typically exhibit surface irregularities/undulations 0.3-1.0m deep on a length scale of 2-5m formed by 
debris and low outcrops. Steeper slopes may exhibit undulations as great as 1.5m deep on a length 
scale of 7-10m formed by debris and outcropping sandstone beds. In the terminology of the most 
commonly used simulation programs, an irregularity depth of 0.5m over a length of 3m corresponds to 
a maximum surface roughness value (Smax) of 0.5. 
 
6 COEFFICIENTS OF RESTITUTION 
 
The normal and tangential coefficients of restitution (kn, kt) quantify the energy dissipation when a 
block impacts the slope surface: they are calculated as the ratios between the normal components 
and the tangential components of the block’s velocity, before and after the impact respectively. This 
definition is the most commonly adopted in rockfall simulation programs. 
A recent study (Spadari et al., 2011) described a series of rock rolling tests carried out on Narrabeen 
slopes in the Sugarloaf range. From the analysis of high speed photographs of the real falling blocks, 
values of restitution coefficients specific to the Narrabeen are derived and presented (Figure 3). 
 

 

Figure 3. Typical values of normal (kn) and tangential (kt) restitution coefficients (left) and relationship 
between kn and impact angle (right) for the Narrabeen Group. 
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Interestingly, the results of that study showed that on natural slopes with low inclination, values of kn 
systematically higher than unity are obtained as a combination of low impacting angles, slope 
roughness and block angularity. Despite usually being disregarded in the literature, such values may 
significantly affect the outcomes of a rockfall simulation. 
 
7 NUMERICAL MODELLING 
 

Potentially dangerous slopes in areas dominated by Narrabeen sandstones were identified in the 
extensive RTA database. A total of 50 cross sections, representing different combinations of slopes 
above roads and road cuttings have been adapted into software for analysis. These slopes were 
located from MR253 (Lithgow), MR5 (Great Western Highway), MR503 (Putty Road), Golden Highway 
and Hwy 82 (Brunkerville). Slope with average angles between 20 and 35 degrees were considered, 
and the length of the slopes above ranged from 80 to 250m. 
The software used to simulate rockfalls on these slopes was a new software that was developed, and 
employed for the first time to allow the use of kn values higher than unity (not feasible so far with the 
existing programs) This software, which generally follows the modelling principles employed by CRSP 
(Pfeiffer and Bowen, 1989), also introduces a relationship between low impact angles and kn by 
means of a stochastic approach. As a result, kn values between 0.5 and 1.8 were generated in the 
simulations, while a constant kt value of 0.73 was used.  
In order to obtain statistically relevant results, the number of simulated blocks for each of the 50 
slopes was set to 1000. To reproduce realistic onset conditions (i.e. blocks mobilising on the slope), 
the dropping height ranged from 0 to 1m from the initial point of the slope and the initial horizontal 
velocity of the block was set to 1 m/s. The initial angular velocity was set to zero. Rolling conditions 
were also considered, for block’s velocity lower than 2 m/s, by adopting an equivalent rolling 
coefficient (Giani et al., 2004) of 20.2 degrees. 
In accordance with the information in section 4, the analysis has adopted the most common form: 
cylindrical blocks. The size of the modelled blocks adopted in the analyses was taken as the 95th 
percentile of the sizes recorded in Figure 2a. Hence, cylindrical blocks with diameter and height equal 
to 2 m were used in the analysis. The material unit weight was set to 2450 kg/m

3
 based on measured 

values for Gosford sandstone. Since most of the modelled slopes are moderately steep, an Smax value 
of 0.5 has been adopted, thus resulting in a roughness value of 0.2m according to the method used in 
the software here, which follows the approach used in CRSP. 
Results regarding height above the ground, velocity and energy of the blocks were collected at the 
end of the slope above, where the interception of the falling block was considered to be most effective. 
A typical result is shown in Figure 4.  
 

 
 

Figure 4. Results of a rockfall simulation with potential block trajectories. The detail of the bottom part 
of the slope (here, a slope above a cutting) is highlighted. Lengths are in metres, and the analysis 
point is the logical location of an interception structure. 
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8 RESULTS 
 
From the results of the numerical simulation of each rock on each slope, values of the height above 
ground, velocity and energy of blocks were found, at the location considered most logical for the 
installation of an interception fence. From the frequency distribution of all such values obtained for 
each slope, the 95th percentile values were then extracted. These values, from all of the slopes 
considered, were combined to give a representative set of design parameters for Narrabeen slopes. 
The results are shown in Figure 5. 
The impact energy distribution in Figure 5a shows values up to 3,300 kJ though 75% of values are 
between 1,000 and 2,500kJ. The higher values are mostly due to the choice of using a large block 
(95th percentile: around 10 tonnes) for the simulations. Nonetheless, the energy also depends on the 
impact velocity, which is not significantly affected by the block’s dimensions in the simulations 
performed. Despite the low inclination of a slope, some boulders are able to achieve high velocities 
(up to 29 m/s in Figure 5b) on long slopes with low vegetation. This suggests that there may be some 
value in considering additional countermeasures in order to intercept the blocks before they gain an 
amount of energy that would require massive protective structures at the end of the slope.  
 

    
a)       b) 

 

 
c) 

Figure 5. Distribution of impact energy (a), velocity (b) and height above the slope (c) of the block, 

representative of Narrabeen areas. 
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The bounce height distribution shown in Figure 5c suggests that the maximum height of the 
interceptive structures currently adopted in NSW (up to 4m) is sufficient to intersect the block 
trajectories in the majority of the cases, and that in around 80% of cases, 2.4m high barriers would be 
sufficient.  
 
9 DISCUSSION AND CONCLUSIONS 
 
As a general remark, it is noted that the results in this paper represent an upper bound of the design 
parameters for a protective structure for generalised Narrabeen slopes. Almost “worst case” scenarios 
(95

th
 percentile values) have been taken into account for the simulations, in terms of block’s 

dimensions, impact parameters and geomorphological conditions. However, using the data presented 
in this paper, the analyses could be repeated to give a statistical outcome for any desired level of 
confidence. Notwithstanding this, we note that a detailed survey is the only reliable method for 
collecting the sizes and distribution of the potentially falling blocks for a particular slope and specific 
analysis is needed to evaluate the correct site-specific design parameters. 
Although the results of this study are specifically derived for the Narrabeen Group environments, they 
offer some guidance for environments within the overlying Hawkesbury Sandstone, which is a 
significant unit for the greater Sydney region. Like the Narrabeen Group, the Hawkesbury sandstone 
are typified by thick, undeformed, sub-horizontal sandstone beds, however, the sandstones are 
predominantly quartzose, the beds are thicker (tens of metres) and the shales are thinner and less 
frequent. Landforms in the Hawkesbury are more dramatic than those in the Narrabeen, and whilst the 
distribution of block shapes is likely to be similar, it is considered that the size distribution of fragments 
in the Narrabeen is a lower bound of that of the Hawkesbury. The coefficients of restitution determined 
for the Narrabeen are likely to be generally applicable to rockfall analyses in the Hawkesbury, and in 
the absence of better information, the design rockfall motions determined for the Narrabeen provide a 
first approximation to those in the Hawkesbury, although they are also likely to be underestimates. 
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