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Abstract 

The rockfall hazard in mining environments needs to be rigorously managed in order to ensure safe mining 
operations, in particular when designing portal entries for punch longwalls. The installation of drapery 
systems is a common practice to mitigate the rockfall hazard at the base of highwalls. However, the hazard 
is not completely eliminated since blocks can still detach and fall in between the drapery and the highwall. 
This contribution shows how geostructural modelling and 3D rockfall analysis can be combined in order to 
accurately map and assess the rockfall hazard at the base of such highwalls. The study entails the 
estimation of the size distribution of unstable blocks and the simulation of their trajectories and velocities 
for highwalls without and with drapery. 

First, 3D photogrammetry is combined with discrete fracture network modelling in order to generate 
polyhedral models of the rock mass structure. Polyhedral modelling and kinematic analyses are combined to 
estimate the volume and shape distribution of unstable blocks. Unstable blocks are then classified according 
their shape. 

Second, a 3D discrete element rockfall model is presented which allows for an accurate prediction of 
velocities and run-out distances for rock slopes with and without drapery. The 3D model is used to predict 
trajectories and velocities for blocks representative of a highwall, i.e. block size and shape according the 
results from the polyhedral modelling. The focus is to investigate the efficiency of the drapery and to 
quantify the residual rockfall hazard at the base of a highwall. 

1 Introduction 

Rockfall hazards pose significant problems worldwide because they are responsible for major damage to 
infrastructure and for severe accidents including fatalities. In mining environments rockfall events can also 
have financial consequences in cases where the production must be temporarily stopped for safety 
reasons. Rockfall phenomena have been widely studied for roads and highways (Pfeiffer and Bowen, 1989; 
Giani, 1992; Agliardi and Crosta, 2003; Dorren, 2003; Turner and Schuster, 2012) but it is only recently that 
they have been accounted for in the context of quarries (Alejano et al., 2007, 2008) and open pits 
(Giacomini et al., 2012a). 

Several areas with significant rockfall hazards exist in a mining environment. Areas which are particularly 
vulnerable to rockfall events are portal entries for punch longwalls in underground mining which can be 
found along a highwall. For Australian punch longwall operations, the standard approach has been the use 
of draperies combined with face bolting of potentially large blocks (Giacomini et al., 2012b). However, this 
protection system does not totally eliminate the rockfall hazard as blocks can still detach and fall in 
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between the drapery and the rock surface. Therefore, an accurate assessment of the residual hazard once 
such protective systems are in place is essential for a safe operation of the mine site. 

This paper presents an integrated approach for rockfall analysis with drapery systems. The approach 
consists of two main steps: geostructural modelling and three-dimensional (3D) discrete element rockfall 
analysis. The first step consists of developing an accurate geostructural representation of the rock mass. 
3D photogrammetry and discrete fracture network (DFN) modelling are used in order to generate 
polyhedral models of the rock mass structure. Polyhedral modelling and kinematic analyses are then 
combined to estimate the volume and shape distribution of unstable blocks. The second step involves 
3D numerical modelling. A 3D discrete element model developed by the authors is used in order to 
simulate rockfalls without and with drapery. Simulations for a specific highwall with the block 
characteristics identified in the geostructural modelling are presented. The integrated approach is applied 
in order to investigate the efficiency of the drapery and to quantify the residual rockfall hazard. 

2 Methodology 

Rockfalls are driven by two successive mechanisms: the detachment of a block or rock compartment (i.e. 
failure) and its propagation down the slope (Jaboyedoff, 2005). Abbruzzese et al. (2009) emphasized the 
importance of both the block size and the shape of unstable blocks since they influence the propagation 
down the slope and consequently the impact energies and run-out distances. Both sizes and shapes of 
blocks are controlled by intersecting fractures. Hence, a good estimate of the fracture properties 
(orientation, size, density) is of prime importance when assessing the rockfall hazard. 

The first step of the integrated approach presented in this paper consists of developing an accurate 
geostructural representation of the rock mass which allows reliable estimates for the size and shape of 
unstable blocks to be derived. This is achieved by combining a remote geostructural survey and 
geostatistical analysis with DFN modelling and polyhedral modelling. Geostructural surveys based on 
remote techniques, such as digital photogrammetry or laser scanning, are commonly used in order to 
obtain a detailed description of the rock mass structure (Haneberg, 2008; Sturzenegger and Stead, 2009; 
Sturzenegger et al., 2011). The methods allow a 3D model of the rock slope to be created from which it is 
possible to derive properties of the rock mass structure such as orientation, persistence (size), density, and 
intensity. Unlike one- and two-dimensional (2D) properties that are measured on rock exposure (e.g. a cliff 
face), measurement of 3D fracture properties such as volumetric density and volumetric intensity are 
generally not possible. Such properties need to be extrapolated from one and two-dimensional 
measurements by using a geostatistical analysis (Lambert et al., 2012). Once all the fracture properties are 
defined a model of the rock mass structure can be created. Rock mass structures and their interconnectivity 
can be accurately described with DFN modelling tools. In the DFN model used in this work, fractures are 
assumed to be planar disks whose centroids are randomly distributed in space following a Poisson 
distribution. Under these assumptions, volumetric densities and size distributions are assessed 
stochastically. The resulting statistical parameters are then used with a polyhedral modeller in order to 
generate a series of DFN realisations, which are statistically identical. Outcomes from each realisation can 
be combined to provide reliable estimates of the block sizes, shapes and stability (Kalenchuk et al., 2006; 
Elmouttie and Poropat, 2011). 

The second step consists of performing 3D rockfall analyses in order to investigate the movement of a 
falling block along the slope. Lambert et al. (2012) recently proposed a new methodology for a quantitative 
rockfall hazard assessment where the full block size distribution (and associated energies) are accounted 
for. However, most rockfall analyses only consider the most likely rockfall event or the most representative 
event for the rockfall hazard assessments. Shapes and sizes of the falling blocks and their source locations 
as identified in the geostructural model need to be considered. Furthermore, the rockfall analysis tool 
needs to be able to consider a drapery. Many 2D and 3D rockfall simulation models exist which allow the 
assessment of the rockfall hazard at the base of a rock slope (Volkwein et al., 2011). However, only a few 
models allow the consideration of arbitrary block shapes and only one specific model allows the 
consideration of a drapery system. This specific model was developed by the authors of this paper based on 
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the discrete element method (Thoeni et al., 2013a). The 3D discrete element model allows the simulation 
of rockfalls without and with drapery meshes. The method is based on the classical discrete element 
approach with spherical particles (Cundall and Strack, 1979). Arbitrary block shapes can be created using 
the clump logic (i.e. the shape is approximated by a rigid assembly of spheres). In addition, the model 
allows a realistic representation of the rock slope based on a triangulated surface and data from the 
geostructural survey can be used directly. After defining size and shape of the block, the source location 
needs to be defined. Once this is done, simulations from different source locations and with various block 
sizes can be performed. Finally, the rockfall hazard can be assessed by analysing trajectories, velocities and 
impact energies for several scenarios. 

In the following sections, the methodology outlined in this section is discussed considering a highwall 
located at an open cut mine in the Hunter Valley in New South Wales, Australia. 

3 Geostructural modelling 

3.1 Geostructural survey and geostatistical analysis 

The geostructural survey was carried out by using close-range terrestrial digital photogrammetry. Stereo 
pairs of images were collected during a site visit. These images were analysed by using the software 
package Sirovision (CAE Mining, 2013). The module Siro3D was used to generate a geo-referenced 3D 
model of the highwall and the module SiroJoint was used to carry out a detailed mapping of the structures 
(Thoeni et al., 2011). The orientations of the structures (i.e. dip and dip direction) were used do identify 
joint sets in the rock mass. A trace length distribution was derived for each set and used to estimate the 
joint size distribution (persistence) of each set. Finally, a geostatistical analysis was performed in order to 
define the 3D representation of the joint fabric which is needed to generate the DFNs discussed in the 
following section. More details regarding the geostatistical analysis can be found in Lambert et al. (2012). 

3.2 Discrete fracture network modelling 

The modelling of the network of discontinuities is performed stochastically. The polyhedral modeller 
Siromodel (Elmouttie et al., 2010) was used to generate and model various DFN representations. The 
modeller is capable of handling a large number of discontinuities with finite persistence and of 
automatically identifying complex polyhedra. Thereby, fractures are represented by polygons whose 
properties follow a user specified statistical distribution. Hence, a series of realisations is needed in order to 
support any meaningful analysis of the results. 

A series of 100 Monte Carlo simulations were performed and the joint properties and the spatial 
distribution of the joints were varied according to the results of the geostatistical analysis. Figure 1(a) 
shows an example of the fracture representation for one of the simulations. Figure 1(b) shows the 
polyhedral model obtained from the same realisation where fractures have been truncated against the 
model boundaries and the intersecting polygons have been calculated. It should be mentioned that only 
part of the highwall was modelled due to the large computation times. 

3.3 Kinematic analysis 

Each DFN realisation results in a particular formation of blocks. In the model, the rock mass is represented 
by a collection of non-deformable polyhedra which can potentially undergo structurally controlled failures 
such as sliding and toppling. A limit equilibrium analysis was performed for all geometrically removable 
blocks and blocks for all realisations were classified following the procedure of Goodman and Shi (1985), 
where type I indicates unstable blocks, type II indicates stable blocks with the presence of friction, and type 
III indicates geometrically stable blocks. 
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(a) (b) 

Figure 1 Example of a DFN realisation; (a) visualisation of the generated fractures, and (b) 
polyhedral model obtained by truncation of the fractures with the model boundaries 
and calculation of the intersecting polygons 

Figure 2(a) shows an example of the blocks formed in one realisation. These blocks were then classified 
following the Goodman and Shi procedure and the results of all realisations were summarised in a hazard 
map. The hazard map in Figure 2(b) shows the positions of the three different types of removable blocks for 
all realisations. This colour-coded plot represents all the removable blocks on the excavation surface. The 
point size is inversely proportional to the Factor of Safety. 

  

(a) (b) 

Figure 2 Kinematic analysis; (a) visualisation of all geometrically removable blocks for one DFN 
realisation, and (b) hazard map summarising the geometrically removable blocks of all 
DFN realisations (red type I, yellow type II, and green type III)  

3.4 Shape and size distributions of unstable blocks 

The block volume distribution of all unstable blocks (type I) generated in the polyhedral models was 
calculated and the results can be seen in Figure 3. The graph shows that 90% of the unstable blocks are 
smaller than 0.004 m3 (blue dashed lines) and the maximum volume is 0.115 m3 (red dashed line). Lambert 
et al. (2012) compared the block volume distribution from the polyhedral model to field data and a good 
agreement was observed. 
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Figure 3 Volume distribution of unstable blocks 

Finally, the shapes of all removable blocks (i.e. stable and unstable) were categorised following the 
classification scheme of Kalenchuk et al. (2006). The block shape diagram and the relevant basic shapes 
used for the classification are shown in Figure 4(a). Two shape parameters were used to identify the shape 
of a block. The first parameter α reflects the flatness of a block. It is calculated using a relationship between 
the surface area and the volume. A perfect cube has α = 1 and as α increases the block becomes thinner. 
The second parameter β reflects the angularity of a polyhedral block. It is a function of the inter-vertex 
vectors of all vertex pairs. A perfect cube has β = 1 and as β increases the block becomes longer. 

Figure 4(b) shows the results of the shape analysis for the geometrically removable blocks of all DFN 
realisations. Each point represents a block and unstable blocks are marked with a red diamond. From the 
results it can be seen that the majority of the removable stable blocks are elongated and most unstable 
blocks can be classified between platy and elongated. Figure 4(c) shows some examples of unstable blocks 
obtained from the polyhedral models with the corresponding volume and shape parameters. 

4 3D discrete element rockfall modelling 

4.1 Model representation 

The discrete element model developed by Thoeni et al. (2013a) and the open-source framework YADE 
(Šmilauer et al., 2010) was used for the rockfall analysis. Thereby, the rock slope is represented by 
triangular elements. The surface model of the slope was created based on a point cloud which was 
obtained from a photogrammetric survey (Thoeni et al., 2012). Material layers and the corresponding 
triangular elements in the model were identified and material properties (e.g. coefficients of restitution) 
were assigned to each triangle.  
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The block is modelled as a rigid assembly of spheres. The interaction between the slope and the block 
consists of interactions between fixed triangles and dynamic spheres. Energy dissipation during impact is 
considered via viscous damping and friction. The drapery is represented by spherical particles which are 
located at the physical nodes of the double-twisted hexagonal mesh the drapery is made of. In order to 
model the wire behaviour of the mesh, particles are linked remotely which means interactions exist 
without direct contact (Thoeni et al., 2013b). 

 

(a) (b) 

    

V = 5.04e-5 m3 

α = 10 

β = 9.30 

Vol.: 4.783e-3 m3 

α = 10 

β = 9.75 

Vol.: 2.76e-3 m3 

α = 3.0 

β = 3.25 

Vol.: 5.405e-5 m3 

α = 8.50 

β = 4.91 
 

(c) 

Figure 4 Block shape classification; (a) zones defining the basic shapes (after Kalenchuk et. al., 
2006); (b) results for the analysed highwall where green dots indicate stable removable 
blocks and red diamonds indicate unstable blocks; and (c) some typical shapes of 
unstable blocks generated by the DFN realisations 

Figure 5(a) shows a picture of the highwall considered in this study, indicating the drapery installed on the 
section where a portal provides access to underground operations. The highwall is about 40 m high and it 
dips at about 70°. The maximum width of the drapery at the top is about 12 m. The numerical 
representation of the same highwall is shown in Figure 5(b). The different material layers are indicated by 
the different colours. The drapery is represented with blue particles. A close-up view of the of the particle 
model for the double-twisted hexagonal wire mesh shows where the particles are located on the mesh. 
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(a) (b) 

Figure 5 (a) Picture of a highwall with drapery and portal entry; and (b) numerical 
representation of the same highwall 

A calibration of the numerical model was performed by Thoeni et al. (2013a) where numerical predictions 
were compared to the experimental results observed by Giacomini et al. (2012a). A good agreement 
between the numerical predictions and experimental results was observed. Hence, the same numerical 
parameters (i.e. contact stiffnesses) as in Thoeni et al. (2013a) were used in this work. 

4.2 Residual hazard assessment with representative blocks 

The 3D numerical model was combined with the results from the structural modelling and was used to 
simulate rockfalls with and without drapery. Information at the base of the highwall was collected in order 
to evaluate the residual rockfall hazard around the portal entry. Two representative blocks were used in the 
simulations.  

The shape analysis of the geometrically removable blocks in Section 3.4 suggested that the majority of the 
unstable blocks are between elongated and platy. Hence, the representative blocks are of this shape. The 
volume of the two blocks was adapted according to the volume distribution analysis results and 
corresponds to 0.004 m3 and 0.115 m3 for block D90 (Figure 6(a)) and D100 (Figure 6(b)), respectively. D100 
can be considered a worst case scenario since it corresponds to the maximum block volume obtained from 
the polyhedral modelling results, whereas 90% of the unstable blocks have a volume lower than D90 (see 
dashed lines in Figure 3).  

The blocks were assumed to be sandstone blocks which detach in between the highest sandstone and 
mudstone layer. Three different positions were chosen in order to produce some variability in the results 
and all blocks were released separately. The height of the release positions remained unchanged but the 
position was varied horizontally along the highwall. It is suggested that these configurations will give results 
which are representative for a residual hazard assessment. The results are discussed in the following 
sections where predictions without drapery are compared to predictions with drapery. 
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Figure 6 Representative blocks used in the numerical analysis with dimensions and mass 
specifications; (a) D90; and (b) D100 

4.2.1 Results for block D90 

Figure 7(a) shows the results for the trajectories and translational velocities from simulations without 
drapery for block D90. It can be seen that the results for the trajectories and velocities are very similar for 
the three release positions. The maximum velocity of the block predicted by the model is 22.9 m/s and is 
reached at the base of the highwall (i.e. on top of the portal). Figure 7(b) shows the results for the same 
simulations with drapery. It can be seen that the drapery has a big influence on both the translational 
velocities and the trajectories. The maximum velocity predicted by the model with drapery is 12.1 m/s 
(position 2) and is not reached at the base of the highwall but at about half way down the fall. The 
trajectories are not similar any more. The drapery strongly influences the bouncing height and keeps the 
blocks much closer to the highwall. This also results in more impacts on the highwall when compared to the 
case without drapery. 

 

(a) (b) 

Figure 7 Trajectories and translational velocities for block D90 for analyses; (a) without drapery; 
and (b) with drapery 

4.2.2 Results for block D100 

Figure 8(a) shows the results for the trajectories and translational velocities from the simulations without 
drapery for block D100. The three release positions give some variation in the trajectories. In particular, it 
can be seen that the block released from position 3 makes a big jump and almost impacts in front of the 
portal entry. The same block predicts the maximum velocity for the case without drapery, which is 22.8 m/s 
and is reached at the base of the highwall (i.e. on top of the portal). Figure 8(b) shows the results for the 
same simulations with drapery. Again, it can be seen that the drapery has a big influence on both the 
translational velocities and the trajectories. The maximum velocity predicted by the model is 17.8 m/s and 
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is not reached at the base of the highwall but at about three quarters down the fall. Both translational 
velocities and trajectories have a big variation when comparing the three positions. The drapery strongly 
influences the bouncing height and keeps the blocks close to the highwall. This also causes more impacts 
on the highwall when compared to the case without drapery. 

  

(a) (b) 

Figure 8 Trajectories and translational velocities for block D100 for analyses; (a) without drapery; 
and (b) with drapery 

4.2.3 Residual hazard 

In order to assess the residual hazard at the base of the highwall the results without drapery are compared 
to the results with drapery. The relevant results for the hazard assessment, which include the translational 
velocity on top of the portal vportal and the horizontal distance dportal measured from the base of the highwall 
at the top of the portal to the impact point, are summarised in Table 1. The latter is important for a hazard 
assessment since it usually defines the length of the portal and the locations of the rockfall berms. The 
kinetic energy reached at the top of the portal is calculated as: 

 𝐸𝑘𝑖𝑛 =
1

2
𝑚𝑣2 (1) 

Where m is the mass of the block and v the translational velocity. This value is commonly used to design 
the portal structure. 

As indicated in the previous sections the drapery drastically decreases the bouncing height or horizontal 
distance dportal and keeps the blocks close to the highwall. The model predicts a reduction of 80% or more 
for all simulations except position 2 of block D100. The latter has a reduction of 30% only. Furthermore, it 
can be seen that in the case of position 3 for block D100 the drapery was very efficient. Without drapery the 
block is almost impacting in front of the portal whereas this is not the case with drapery. 

The velocities vportal for the analyses without drapery do not have a big variation and even the values for 
block D90 and D100 are very similar. This behaviour changes in the case for the analyses with drapery. It can 
be seen that the velocities for block D90 are drastically reduced to more or less the same value. The model 
predicts a reduction of the velocity from about 22.7  to 8.6 m/s. This corresponds to a reduction of more 
than 60%. No similar trend can be observed for block D100. The predictions for position 2 give a similar 
reduction as in the case of D90 but this is not the case for positions 1 and 3. Position 1 gives a reduction of 
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20% only, whereas position 3 gives about 40% reduction. In both cases the reduction is less than 50%. A 
similar trend is observed in the kinetic energies. All positions for block D90 predict a reduction of more than 
80%. For block D100 this is only the case for position 2. Position 3 of block D100 predicts a reduction of about 
70% whereas the reduction for position 1 is 40% only. 

Table 1 Results relevant for the residual hazard assessment 

Block Position dportal (m) vportal (m/s) Ekin (kJ) 

Without With Without With Without With 

D90 1 3.7 0.3 22.9 8.7 2.6 0.4 

2 2.4 0.5 22.5 8.7 2.5 0.4 

3 2.5 0.2 22.7 8.4 2.6 0.4 

D100 1 3.2 0.6 21.3 17.1 62.6 40.4 

2 4.1 2.9 21.8 9.5 65.5 12.5 

3 9.1 1.6 22.8 13.0 71.7 23.3 

5 Conclusions 

The paper discusses an integrated approach for rockfall analysis without and with drapery systems which 
can be used to assess the residual hazard at the base of highwalls. The first step consisted of developing a 
realistic rock mass representation based on a geostructural survey and a geostatistical analysis. Statistical 
estimates of the fracture properties were used to generate various DFNs. The polyhedral modeller 
Siromodel was used in this context. Geometrically removable blocks were identified and classified 
according the Goodman and Shi procedure. A volume and shape analysis of all unstable blocks was carried 
out. A volume distribution for all unstable blocks was derived and the blocks were classified according to 
their shape.  

The second step consisted of carrying out 3D rockfall simulations with and without drapery. A 3D discrete 
element model was used for this purpose where the rock slope is represented by a triangulated surface, 
the block by a rigid assembly of spheres and the drapery by remote interacting particles. Simulations with 
representative blocks were carried out. The block volumes and shapes were adapted according to the 
geostructural modelling results. Three scenarios with two different block sizes were analysed and the 
results suggested that the drapery is more efficient for smaller blocks. Furthermore, results which can be 
used to design the portal structure and rockfall berms were derived. 

The presented methodology is general and can be used for rock slopes with and without draperies. The 3D 
rockfall model offers great flexibility since it allows any shape to be considered. More scenarios can easily 
be analysed by varying the block shape, the release position or the highwall representation (i.e. roughness). 
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