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Despite the signiﬁcance of rockfall hazards in Australia, this phenomenon is still poorly characterised in
many regional environments. In particular, the relationship between slope/rock properties and rockfall
motion parameters needs better deﬁnition. In the context of rockfall prediction, it is important to
quantify the normal and tangential restitution coefﬁcients (referred to as kn and kt) and the equivalent
rolling coefﬁcient (m), which are site-speciﬁc. Several series of rockfall tests have been conducted in
three different geological environments in New South Wales. The results of the tests show a large
variability of the motion parameters, which is due to the natural variability of the blocks and to the
randomness of the impact positions. Also, values of kn consistently and systematically higher than the
benchmark values from the literature have been inferred. Despite there being no clear correlation
between the restitution coefﬁcients and the rotational energy, rotational phenomena are believed to be
at the origin of such results.
& 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Rockfall typically represents a severe safety hazard, not only in
mountainous areas but also along coastal routes, road cuttings or
quarry faces. A single event, even if small in proportions, can
endanger human lives and lead to elevated costs, due to the need
to maintain or rebuild protection structures. A rockfall event
involves the fall, along a slope, of one or more rock blocks or
fragments, with volumes typically ranging between 10  2 and
102 m3 [1].
In order to efﬁciently design protection systems, the description of which is outside the scope of this paper, it is crucial to
estimate the trajectory and the energy of the blocks during their
fall, and more speciﬁcally, upon impact with an aforementioned
structure. This requires simulation of the rockfall and determination of the motion characteristics, which are generally sitespeciﬁc. Indeed, the geological and morphological features of the
slope (e.g. material, roughness and inclination) and the characteristics of the blocks (e.g. material, shape and size) strongly
inﬂuence the block’s trajectory [2]. Simulation of rockfall is usually
performed using analytical (based on the conservation of angular
momentum) [3,4] and/or numerical models [1,5–9]. Commercial
softwares such as RocFall [10] or Colorado Rockfall Simulation
Program (known as CRSP, [7,11]) are now commonly used to
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quantify the rockfall hazard for the design of protective structures.
Speciﬁcally, they are used to statistically estimate energies and
trajectories so that particular areas exposed to different levels of
risk can be identiﬁed.
The block motion during a fall can be described as a series or
combination of different phases: free-falling, sliding, rolling and
bouncing [3,4,12], some of which are accounted for in the
commercial codes. Free-falling phases are usually separated by
bounces during which energy dissipation occurs. Free-falling is
well described by a ballistic trajectory and does not require the
use of a descriptor of the rock/slope interaction. This is, however,
not the case for bouncing and rolling.
Estimating the dissipation of energy during a bounce is a key
factor in the calculation of the block’s trajectory. To do this,
Bozzolo and Pamini [3] and Azzoni and de Freitas [12] used a
single restitution coefﬁcient based on the mechanical analysis of
the interaction between the slope and an ellipsoidal block.
However, distinct normal and tangential restitution coefﬁcients
(kn and kt) are more commonly used (e.g. [5,7]) in order to
account for impact mechanisms. The normal restitution coefﬁcient has usually been associated with energy dissipation due to
the elasto-plastic response of the surface material, and the
tangential restitution coefﬁcient with the frictional dissipation
of energy and the roughness of the surface. The restitution
coefﬁcients are considered to be the most effective parameters
for a rockfall simulation, entailing the inﬂuence of a larger
number of impact parameters [2].
Rockfall events occurring on slopes with inclinations lower than
451 are more likely to be associated with rolling behaviour [13].
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Block rolling can result in kinetic energy loss (if a block decelerates) or gain (if a block accelerates). A rolling phase can be
represented as a rapid succession of small bounces and aerial
rotations [7] or, assuming that the block is a perfect cylinder
travelling down a smooth plane, the rock/slope interaction can be
described through a rolling coefﬁcient, which expresses the potential resistance to rolling. The result can be kinetic energy dissipation or gain [2,14].
Over the last decades, investigations of rockfall motion characteristics have mainly been carried out by means of in situ
rockfall tests on real slopes and restitution coefﬁcients have been
inferred for a wide variety of geomorphological environments
[2,12–18]. Although in situ tests have proven to be the most
appropriate way to assess the motion parameters, due to the site
sensitivity, some have raised criticism about the reliability of the
results. Paronuzzi [19] suggested that the choice of the blocks (too
rounded or weathered) and the testing sites (particularly quarry
faces, often used for in situ tests) could have affected the
representativeness of most of the kn values in the literature. A
back analysis on a real rockfall event, performed by Paronuzzi,
highlighted kn values much higher than the benchmarks from the
literature.
Some tests have also been carried out in the laboratory to
investigate more fundamental aspects of rockfall with control
over speciﬁc critical parameters. In particular, blocks with regular
shapes and smooth slopes with constant steepness have been
used to highlight the effect of the impacting angle or slope angle
on the restitution coefﬁcients and other motion parameters
[20–24]. Undoubtedly, these controlled tests are useful to identify
trends, but trends are difﬁcult to extrapolate to real events
because of the natural variability and randomness of a rockfall
event in a natural situation.
The rockfall hazard has been investigated for different geological and morphological Australian environments [25–31]. However, its quantitative characterisation is still poor, mainly because
the site-sensitivity requires an adequate database of motion
parameters, which can only be acquired by means of in situ tests.
A better understanding of the rockfall hazard could lead to the
design of protection structures (barriers) speciﬁcally adapted to the
Australian environment whereas most of the current knowledge

comes from research conducted in European or North American
alpine areas. In these areas large blocks of rocks, or sections of rock
mass can detach from high cliffs in steep, topographically-immature valleys, resulting in high values of impacting energies, which
have biased evolutions in the analysis and design of protection
structures. As a result, the existing literature is deﬁcient in data of
speciﬁc relevance to low and medium energy barriers (with design
energy ranging from 4 to 100 kJ), which consequently tend to be
overdesigned, in the context of the Australian environment.
This paper presents the results of four series of in situ rockfall
tests performed on natural slopes with low inclination in different
geological environments of New South Wales, Australia. This is
the ﬁrst time this type of tests and analysis has been carried out
in Australia. The objective of these series of tests is to provide
some quantitative data about rock slope interaction and rockfall
motion characteristics for some typical geological situations of
New South Wales. High deﬁnition cameras have been used to
capture block motions and to quantify velocity and energy. As a
result, the restitution coefﬁcients (kn and kt), the equivalent
rolling coefﬁcient m and the energy balance upon impact have
been back-calculated. Although the values of the rolling coefﬁcients and tangential restitution coefﬁcients are in accordance
with data from the literature, the normal restitution coefﬁcients
exhibit values above the upper bound commonly accepted. These
results corroborate the outcomes from Paronuzzi [19] and the
discussion proposes an explanation for the physical reasons of
such ﬁndings and their signiﬁcance for the design of the protection systems.

2. Experimental testing
2.1. Testing sites
New South Wales has a diverse geology that can be characterised into a number of distinctive settings [32]. Rockfall problems are typically uncommon over much of the inland, which is
relatively ﬂat and covered by recent sediments. Along the topographically-elevated eastern margin (Fig. 1), there are extensive
regions of moderately deformed sedimentary rocks of Ordovician

Fig. 1. Main geological areas related to rockfall hazard in New South Wales and locations where the rockfall tests were performed.
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to Carboniferous age in ‘‘fold belt’’ settings, which include some
volcanics and localised metamorphics of relatively low grade.
These are intruded by granitoids in many areas and they are
overlapped in the central region by relatively undeformed
sedimentary basin rocks of Permian and Triassic age, such as
Narrabeen and Hawkesbury sandstones [33]. Tertiary basalts
occur frequently as capping layers on the Great Dividing Range,
which runs parallel and adjacent to the eastern seaboard (not
shown here).
Several aspects were accounted for when selecting the geological areas of testing: (1) the geological features and their
potential to produce a rockfall event, (2) the level of urban and
economic development, which is a component of the concept of
risk and (3) as the main task of this research is an investigation on
low (4 kJ) and medium energy barriers (up to 100 kJ), the granites
were not tested since they tend to form big, rounded boulders,
and their associated rockfall behaviour is characterised by high
impacting energies, even for low steepness slopes. On the basis of
these considerations, three testing sites were identiﬁed as adequate and representative of the geological areas to which they
belong.
2.1.1. Murrurundi, Hunter Valley
Two tests series were carried out on separate slopes in the
upper Hunter Valley (Murrurundi, NSW) in an area characterised
by deeply weathered Tertiary basalt rocks of the Liverpool Ranges.
In this area, the basalts are dominantly alkali basalts and the slopes
generally consist of slopewash and residual gravelly clays derived
from underlying basalt parent rock [34]. Natural blocks outcropping
in the area were used for the tests (the block characteristics are
given together with the experimental programme). The results from
these two series are presented together, since they belong to the
same geological environment. The ﬁrst slope considered was 19 m
long, with average inclination around 221, varying locally between
201 and 22.51 (Fig. 2(a)). The second slope was 27 m long, with an
average inclination of 24.51 in the ﬁrst 15 m and of 201 over the
remainder of the slope (Fig. 2(b)).

Fig. 2. Cross sections of the test sites for the four test series. First series (a), second
series (b) were performed in Murrurundi; third series (c) were performed at Mount
Sugarloaf; fourth series (d) were performed in Dungog. Lengths are in metres.

500 kg and slopes with low inclinations (less than 351) have been
chosen for the three test sites.
2.2. Experimental setup and data acquisition

2.1.2. Mount Sugarloaf, Newcastle
The third series of tests were performed on the slopes of
Mount Sugarloaf, to the west of the city of Newcastle (NSW). This
site is situated in the Triassic Narrabeen group, comprising
undeformed, thickly-bedded quartz sandstones. This geological
environment is representative of the Narrabeen group and the
Hawkesbury sandstone, which are the predominant geologies of
the greater Sydney region. The blocks tested consisted of sandstones and some pebbly sandstones/conglomerates. The slope
used for the tests presented a layer of colluvial sandy soil with
some outcropping rocks and low vegetation. Overlapping video
cameras covered a 36 m long portion of the slope, with an
inclination of 241 in the ﬁrst part and 311 over the remainder of
the slope (Fig. 2(c)).
2.1.3. Dusodie, Dungog
The fourth series of tests were conducted in an area of dipping
volcanogenic, lithic sandstones of Carboniferous age from the
Flagstaff formation, of the Gresford Block of the southern New
England Fold Belt [35]. These occur extensively throughout the
more heavily populated areas to the north of Sydney. The test site,
at Dusodie near Dungog, comprised a grassy slope with scattered
rock debris and occasional low outcrops of sandstone. The total
length of the slope was around 80 m, with inclination increasing
from 171 to 251 in the four identiﬁed sections (Fig. 2(d)).
Again, because the study is focused on low and medium
energy barriers (typical values), blocks with masses lower than

In a manner consistent with many authors, the tests were
conducted by recording the travel of the blocks down the slope
using medium and high-speed cameras [2,12,14–18,36]. The
photograph sequences allowed tracking of the blocks and determination of the motion and bounce characteristics. Up to four
high-deﬁnition video cameras with a maximum speed of 50
frames per second were used. These were placed along the slope
with overlapping ﬁelds of view as illustrated in Fig. 3(a), with one
operator per camera. The sequences of photographs were analysed
using the image tracking software TEMA 3.3, which can determine
the position, speed and acceleration of a series of target points.
The blocks were spray-painted before testing to clearly identify the target points (typically, the centre of mass) and for a
better identiﬁcation of the faces during the fall (Fig. 3(b)). This
was crucial for the estimation of the rotational energy of the
blocks from the recorded images, as explained in the next section.
The release of the block was manual.
2.3. Calculations of the motion parameters
The results of the tests will be discussed in terms of restitution
coefﬁcients, rolling coefﬁcients, translational energy and rotational energy. The restitution coefﬁcients, which quantify the
energy dissipation upon an impact, are calculated as follows
kn ¼ 

vpost
n
,
vpre
n

kt ¼

vpost
t
vpre
t

ð1Þ
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where a is the slope angle (considered as a constant along the
section) and g is the acceleration due to gravity. The rolling
motion along a slope section can then be described by the
equivalent rolling coefﬁcient m:

where kn and kt are the normal and tangential restitution
post
coefﬁcients, respectively, vpre
are the normal components
n , vn
post
are the tangential components of the block’s
and vpre
t , vt
velocity, before and after the impact, respectively. This deﬁnition
is the most commonly adopted in the literature (e.g. in [5,20,37]).
Note that the high speed camera images reduce the 3D motion to
a 2D analysis but this is not considered to be an issue as little
deviation was observed from the expected, almost linear path.
The rolling coefﬁcient m, which ﬁnds its origin in tribology, is
used to quantify the resistance to rolling or the amount of work
required to make a block roll. The rolling coefﬁcient as used in
rock mechanics is a simpliﬁcation of the real motion. The boulder
is assumed to be a cylinder rolling down a smooth plane of
inclination a [14]. For this conﬁguration, and because of the
amount of energy dissipated due to rolling resistance, a block
having an initial velocity vi (at a given point) has a velocity vi þ 1,
after having travelled an effective distance d, equal to:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð2Þ
vi þ 1 ¼ v2i þ 2gdðsin am cos aÞ

m ¼ tga þ

v2i v2i þ 1
2gdcos a

ð3Þ

The rolling coefﬁcient provides an evaluation of how the block
tends to accelerate (if m otan a, then vi þ 1 4vi) or decelerate (if
m 4tan a, then vi þ 1 ovi) along a slope with known inclination, over
a certain distance. As with the restitution coefﬁcients, different
effects of the interaction between the block and the slope, such as
friction and roughness, are included in derived values of m. Two
approaches have been followed to calculate the rolling coefﬁcient
[14]. These two methods consist of a regular measurement of the
block’s velocity along the slope (intervals of 8–12 frames) and of a
curve ﬁtting exercise between the experimental values and the
theoretical curves coming from Eq. (2). The difference between the
two methods lies within the way the rolling coefﬁcient is allocated
to the slope. In the ﬁrst method, a single value is attributed to the
whole slope whereas in the second method, the slope is divided in
sub-sections having different rolling coefﬁcients.
The effects of rotation on the block’s motion during an impact
have been investigated by assessing the rotational and translational energy before and after the impact. The total energy of the
block, expressed in Eq. (4), is the sum of the translational (Ev) and
the rotational (Er) components:
Et ¼ Ev þ Er ¼

1
1
mv2 þ Io2
2
2

ð4Þ

where m is the boulder mass, v is the velocity, I is the moment of
inertia around the rotation axis and o is the angular velocity. For
each block an average moment of inertia has been considered in
order to take into account the variations of the rotational axis
during the fall. The angular velocity o was calculated by evaluating the rotation of an axis on the block over a certain number of
frames. The rotational energy was then estimated.
2.4. Experimental programme
The experimental programme is summarised in Table 1, presented below. Over the four series, the block mass and volume

Fig. 3. Third series of tests: (a) plan of the site with camera positions (lengths in
metres); (b) spray-painted sandstone and conglomerate blocks.

Table 1
Summary of the testing programme.
1st series–(Liverpool Range) Alkali Basalts–21 blocks
Test no.
m (kg)
Slope angle

1
2
85
85
201–22.51

3
85

4
85

5
85

6
113

7
56

8
56

9
172

10
27

11
27

12
27

13
60

14
60

15
82

16
81

17
81

18
81

19
81

7
43

8
36

9
36

10
36

11
24

12
70

13
70

14
20

15
21

16
21

17
37

18
109

19
24

14
106
34
62

15
85
35
97

16
45
36
14

17
50
37
47

18
162
38
39

19
18
39
30

20
42

21
42

2nd series–(Liverpool Range) Alkali Basalts–19 blocks
Test no.
m (kg)
Slope angle

1
2
131
59
24.51–201

3
47

4
36

5
36

6
145

3rd series-(Narrabeen) Quartz Sandstones þConglomerates–13 blocks
Test no.
m (kg)
Slope angle

1
2
72
60
241–311

3
76

4
62

5
66

6
129

7
29

8
57

9
57

10
24

11
116

12
196

13
160

7
44
27
47

8
75
28
76

9
19
29
26

10
19
30
294

11
12
31
140

12
5
32
34

13
73
33
31

4th series-(Flagstaff Fm) Lithic Sandstones–40 blocks
Test no.
m (kg)
Test no.
m (kg)
Slope angle

1
2
84
187
21
22
97
375
171–251

3
101
23
58

4
22
24
212

5
39
25
22

6
100
26
25

20
26
40
24
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1.2
1
0.8
kt

ranged from 5 to 375 kg (mass measured on site with a portable
scale) and 0.002 to 0.145 m3, respectively. For all the series, the
size of the boulders was representative of the typical dimensions
related to the geology of the area.
In total, 93 tests were performed. Note that not every test gave
conclusive results in terms of restitution coefﬁcients or rolling
coefﬁcients. Some of the tests did not produce any bouncing at all,
showing only a rolling behaviour, while for other tests the rock
bounced several times. Moreover, in some tests the rotation of the
block could not be clearly identiﬁed due to difﬁculties during the
image processing. For these reasons, the number of results
presented is different to the number of tests performed.

5

0.6
0.4
1st + 2nd series
3rd series
4th series
Literature max-min

0.2
0
0

0.2

0.4

0.6

0.8

1
kn

3. Results and discussion
3.1. Determination of the restitution coefﬁcients

Table 2
Statistics of the restitution coefﬁcients for the four series of tests.

Location

Min
Max
Average
Standard deviation

1.4

1.6

1.8

2

Fig. 4. Experimental values of restitution coefﬁcients and minima/maxima from
the literature for a similar type of slope (short vegetation with debris).

A total of 102 bounces from the four series were used to
calculate the restitution coefﬁcients, after the recorded images
were deemed as suitably clear and consistent to support reliable
interpretations. The calculations are based on the analysis of the
image sequences, and more particularly, on the velocity estimates,
pre and post impact. With a known photographic frame rate, the
velocity is inferred from the distance covered by the centre of
mass of the boulder over a given number of frames. Here, three
frames have been used before impact and three after impact, for
which the distance covered by a block typically ranges from 0.25
to 1.25 m. The accuracy of measurement ranges between 0.001
and 0.027 m (depending on the photograph resolution and on the
position of the cameras), which yields errors between 0.1 and 10%
in the measurement of distances. Image distortion has not been
taken into account in the measurement.
The average values obtained for kn and kt over the four series
are reported in Table 2 together with minimum, maximum and
standard deviation. It can be seen that the tangential restitution
coefﬁcients are slightly higher but generally consistent (Fig. 4)
with the benchmark from the literature [5,14–18,38,39], which
for grassy surfaces covered with debris, have generally reported kt
values from 0.20 to 0.96.
However, the values for the normal restitution coefﬁcients are
signiﬁcantly higher than the values normally reported and
adopted [2]. In particular, average values greater than unity have
been obtained for each of the four series. This could be considered
abnormal as a kn of one can be viewed as corresponding to a
perfectly elastic shock. However, this pre-conceived idea is not
reﬂected by the most commonly adopted deﬁnition for the
restitution coefﬁcients (Eq. (1)) since the normal and tangential
components are uncoupled. When considering only the translational component of energy, which is generally the case, a
perfectly elastic shock, i.e. no energy dissipation, would mean a
ratio of total velocity post impact over total velocity pre impact

Type of rock

1.2

Lithic sandstones
(4th series)

Basalts
(1st/2nd
series)
Murrurundi

Quartz
sandstones
(3rd series)
Mount Sugarloaf

Dungog

kn

kt

kn

kt

kn

kt

0.38
1.98
1.06
0.41

0.37
0.94
0.74
0.14

0.68
1.79
1.15
0.28

0.54
0.93
0.73
0.13

0.43
1.85
1.18
0.32

0.54
0.96
0.78
0.09

Table 3
Experimental restitution coefﬁcients for the ﬁrst, second and third series.
Weathered basalts (1st/2nd series)

Quartz sandstones
(3rd series)

kn

kt

kn

kt

kn

kt

0.38
0.59
0.81
1.98
1.46
0.90
0.87
1.01
1.31
1.06

0.90
0.83
0.72
0.79
0.78
0.84
0.94
0.77
0.88
0.91

1.56
1.30
0.73
1.44
0.69
1.15
0.44
0.80
1.19
1.75
0.84

0.47
0.37
0.51
0.72
0.87
0.79
0.66
0.69
0.72
0.63
0.71

0.68
1.24
1.12
1.27
1.40
0.94
0.94
1.55
1.17
1.15
0.92

0.74
0.73
0.54
0.73
0.66
0.93
0.89
0.71
0.85
0.59
0.57

Table 4
Experimental restitution coefﬁcients for the fourth series.
Sandstones (4th series)
kn

kt

kn

kt

kn

kt

kn

kt

0.78
1.21
0.43
1.35
1.51
1.17
1.33
0.82
1.33
0.55
0.97
1.37
1.03
1.20
0.80
0.85
1.03
1.29

0.90
0.78
0.59
0.87
0.80
0.82
0.71
0.54
0.80
0.90
0.86
0.81
0.93
0.78
0.77
0.68
0.77
0.78

1.14
1.21
1.77
1.21
1.26
1.65
1.06
1.75
1.62
1.50
1.78
1.07
0.99
0.96
1.41
1.85
0.73
1.33

0.91
0.65
0.77
0.65
0.78
0.69
0.82
0.73
0.86
0.94
0.80
0.71
0.62
0.81
0.81
0.63
0.68
0.83

1.38
1.66
1.06
0.66
1.33
1.04
0.88
1.35
1.53
1.18
1.03
1.16
1.56
0.87
0.92
0.97
1.17

0.66
0.89
0.93
0.72
0.83
0.76
0.64
0.87
0.70
0.76
0.67
0.72
0.69
0.76
0.84
0.85
0.84

1.08
1.54
1.23
1.12
1.29
1.15
1.33
0.70
0.67
1.33
0.54
1.48
1.42
0.88
1.37
1.78
0.75

0.86
0.89
0.82
0.78
0.64
0.80
0.88
0.73
0.95
0.76
0.82
0.72
0.81
0.81
0.81
0.81
0.96

vpost/vpre equal to 1 (the upper bound considered in [4]). Such a
value was never reached for any of the tests performed herein,
meaning that in every case, translational energy was not conserved upon impact.
Tables 3 and 4 report the kn and kt values for all the four series
of tests. Fig. 4 shows the detailed results with kt plotted as a

Please cite this article as: Spadari M, et al. In situ rockfall testing in New South Wales, Australia. Int J Rock Mech Mining Sci (2011),
doi:10.1016/j.ijrmms.2011.11.013

6

M. Spadari et al. / International Journal of Rock Mechanics & Mining Sciences ] (]]]]) ]]]–]]]

function of kn for the four series. It also shows the range of typical
values from the literature that would be adopted for a slope
covered by vegetation and debris. The results are extremely
scattered with ranges of 0.37 to 0.96 for kt and 0.38 to 1.98 for
kn. Performing the tests in a natural environment, using natural
blocks, leads to a large and unavoidable variability (already
assessable from the minima and maxima in Table 2). As already
discussed, a signiﬁcant number of kn values are over unity and
also, a large number of kt values are very close to unity, which is
equally unusual. Note that Paronuzzi [19] found that to reproduce
an existing rockfall event, values of restitution coefﬁcient greater
than one had to be attributed to the slope and Bourrier et al. [24]
predicted kn values much higher than 1 for low incident angles
using a stochastic impact model. However, we believe it is the
ﬁrst time values greater than one are consistently and systematically reported as a result of in-situ tests.
There is nothing to suggest that the measurements here were
plagued with a systematic error that could explain these results.
First, the methodology employed is common for rockfall testing.
Second, the sensitivity of the coefﬁcients to the number of frames
used in their determination has been assessed, and the approach
used was found to provide reliable results. This was done by
considering the effect that a larger number of frames would have
on the estimated velocities, given that the parabolic trajectory is
being approximated by a linear tangent drawn from the point of
impact (see Fig. 5). The effect is shown to be a systematic error to
both the post and pre impact velocities so that, for greater than
3 frames, the effect is barely noticeable on the restitution
coefﬁcients. The error has been found to be consistently about
10% for 6, 9 and 12 frames. Fig. 5 also provides a visual evidence of
kn greater than one.
Azzoni et al. [18] have imputed high values of restitution
coefﬁcients to the combination of rolling and bouncing with high
rotational moments (see Fig. 6). A similar conﬁguration was
described by Paronuzzi [19]. It is herein believed that it is a
combination of rotational energy, block angularity and low
impacting angle which is at the origin of such results. The
conﬁguration of the block at impact (i.e. the position of the centre
of mass with respect to the impact point) is also believed to play a
key role in the determination of kn. The signiﬁcance of all these
parameters has been recently shown in [40]. Fig. 6 shows how a
rotating, angular block can impact on an edge/point, causing it to
ﬂip and be catapulted away from the slope. As a result, the
bouncing angle exceeds the impacting angle (Fig. 5) causing the
post impact normal velocity to exceed its corresponding preimpact value. The exact mechanism or combination of parameters
leading to this outcome is currently under investigation. The

Fig. 5. Example of calculations of kn and kt using different frame intervals and
visual evidence that the normal velocity post-impact is greater than the normal
velocity pre-impact, i.e. kn 41.

Fig. 6. Block no. 4, 2nd series: frame by frame analysis of two consecutive bounces
with different impact dynamics (after [37]).

variability of the block shape and of the trajectory explains the
high variability of the results.
In an attempt to better understand the signiﬁcance of the
rotational energy on the restitution coefﬁcients, Fig. 7 has been
proposed. It shows the experimentally determined values of kn
and kt as a function of the rotational energy pre-impact, for the
tests where the latter parameter could be estimated. For the
calculation of the rotational energy, an accurate estimation of the
moment of inertia has been possible only for the blocks exhibiting
a clearly recognisable shape (e.g. discs or spheres). When this was
not possible, the blocks were considered as cuboids. The value of
the moment of inertia was kept constant before and after the
bounce: this is an accurate assumption for spherical and discoidal
blocks and a reasonable approximation for cuboidal blocks (the
change in the rotational axis is usually small and difﬁcult to
estimate accurately).
As previously described, the angular velocity estimation
depends on the correct evaluation of the rotation of the block
about an axis, over a certain number of frames: this estimation is
therefore subject to the same kind of error highlighted for the
translational velocity. Although the rotational energy evaluation
is inﬂuenced by the calculations of the moment of inertia and the
angular velocity of the block, the estimated variation of rotational
energy during a bounce is considered reasonable. Unfortunately,
the supposed inﬂuence of rotational energy on the restitution
coefﬁcients cannot be conﬁrmed by Fig. 7 due to the high
variability of the tests. No attempt has been made to sort the
results according to the impact type in order to evidence a
correlation.
3.2. Equivalent rolling coefﬁcients
The rolling coefﬁcients have been determined for a total of 23
blocks and the results are presented in Fig. 8 as a function of the
slope angle. It can be seen that, similar to the restitution
coefﬁcient results, the rolling coefﬁcient results are highly variable. Again, this is due to the inherent variability of a natural
environment. The values here obtained are in relatively good
accordance with those from the literature for similar types of
slope [4,14].
Interestingly, the values of rolling coefﬁcient available in the
literature depend mainly on the type of slope and little on the
block type. However, the underlying model used is that of a
cylinder rolling on a plane. It follows that the further the block
shape is from a cylinder, the less applicable is the model. This
issue can be illustrated when applying two different approaches
[14] to block number 3 of the fourth series (see Fig. 9). In the ﬁrst
approach a single m value was used for the entire slope, whereas
in the second method, different m values were used corresponding
to several sections along the slope. Fig. 9 shows the difference
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between the application of the two methods, considering a rolling
coefﬁcient value adjusted to obtain the highest correlation factor
R2. An R2 of 0.238 was determined adopting a single value of m for
the entire trajectory whilst an R2 of 0.609 was achieved when
different m values were assigned to each sub section. The better ﬁt
with the experimental data, achieved by subdividing the slope in
sections and using multiple rolling coefﬁcients, is in accordance
with the ﬁndings of [14].
A single m value tends to predict an increase of the block
velocity towards the end of the slope, which is consistent with
having a perfect cylinder on a 251 slope. The reality is quite
different and highly variable, due to the natural irregularities of
both the slope (especially in the last section) and the block
(scattering of the data in Fig. 9). In that case, multiple rolling
coefﬁcients are better adapted.

A study of the match/discrepancy between the two methods
for the 23 measurements showed that if the conditions are met to
facilitate the sustained rolling of the block (i.e. rounded block and
steep slope) then using a single rolling coefﬁcient for the whole
slope is a valid approach. On the contrary, if the rolling is
impeded, e.g. by an angular block, a gentle slope or a varying
roughness, then the block does not behave like an ideal cylinder
but it decelerates. In that case, a different approach, where the
rolling coefﬁcient is increased to reﬂect the deceleration on a
particular slope, must be employed. For the test site of Dungog,
most of the blocks were angular and prismatic and the roughness
was higher in the fourth section of the slope. However, one block,
a rounded ellipsoid, did give consistent results for the two
approaches (see Fig. 10). With such a round shape, the block
could accelerate despite a relatively gentle slope (251). For the
tests of Mount Sugarloaf the slope was steeper (311), and only one
block did not accelerate, as predicted, when adopting a single m
value; this block was angular prismatic. All other blocks were
rounder and a good match was found between the two
approaches. In conclusion, it seems that in order to decide
whether one or more rolling coefﬁcient has to be used, one
should start with a single value and qualitatively assess the
block’s motion (phases of acceleration and deceleration). If these
phases are unlikely to occur, considering the slope angle and the
blocks in presence, then several rolling coefﬁcients might be
considered.
3.3. Energy considerations
A further investigation has been conducted in order to
quantify the variations of the different components of energy
upon impact. To do so, the experimental values of rotational
and translational energy were estimated before and after impact
using Eq. (4) in Section 2.3. Although it has been conﬁrmed that
the translational energy always decreases upon impact (see
Section 3.1), there is no certainty about the change in rotational
energy upon impact. Fig. 11 shows the comparison between
the variations in the total energy and in the translational
energy (only) before and after an impact (each in terms of
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Fig. 9. Block no. 3, 4th series: comparison between experimental values and theoretical curves.
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absolute values). In this ﬁgure, a point located on the 1:1 line
represents a case where there is no change in rotational energy
and the loss of total energy is equal to the loss of translational
energy.
While a loss in total energy is always veriﬁed, the rotational
energy may decrease (points above the 1:1 line) or increase after
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ΔEv
Fig. 11. Absolute values (in kJ) of variation of total energy vs. variation of
translational energy upon impact. The diagonal line is the 1:1 line.

an impact (points below the 1:1 line). In 52 out of 88 cases, the
rotational energy has increased after a bounce. However, for the
tests performed, the gain in rotational energy does not compensate for the loss of translational energy. In the experience of the
authors, and on the basis of the in situ tests presented here, the
total energy always decreases during impact. This is conﬁrmed by
the tests presented in [40].
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4. Signiﬁcance for rockfall modelling
An extensive discussion on the numerical modelling of the
impact is beyond the scope of the paper; however, it is relevant to
discuss the signiﬁcance of the ﬁndings from this research for
impact modelling. A more comprehensive discussion can be found
in the recent review by Bourrier and Hungr [41].
The experimental data obtained from in situ testing was
interpreted considering a lumped mass model. In particular, the
normal restitution coefﬁcient kn was found to be consistently
higher than unity, which can be explained by the angularity of the
blocks, the effect of rotational momentum and low impacting
angles, as shown in [40].
By nature, it is difﬁcult for a lumped mass model to capture
such effects [41] even though commercial codes like CRSP can
capture the evolution of rotational energy throughout the fall. In
fact, by scrutinising the energy balance (Section 3.3), it was found
that an impact could lead to a loss or a gain of rotational energy,
which could be reproduced by CRSP (not shown here for brevity).
While a proper estimate of the total energy is possible, in the
lumped mass models the lack of block shape and of proper
contact description means that high bouncing angles, the so
called saw effect [2], block fragmentation [42] or the possibility
of the block ‘‘climbing’’ up the protective structure cannot be
captured. In addition, commercial codes usually have an in-built
upper bound of one for kn, making it difﬁcult to reproduce the
blocks trajectories as observed in the ﬁeld. To overcome such
shortcomings, so called rigorous models, analytical or numerical,
have been progressively developed [41]. These offer more options
when trying to reproduce complex block shapes and block/slope
interactions. Use of such models was not attempted in this study
because of a lack of information about the block/slope contact
(presence of vegetation) and an inadequate image frequency.

5. Conclusions
This paper presents the results of four series of rockfall tests
performed at three different sites, which are considered representative of signiﬁcant geological environments in New South
Wales, Australia, particularly relevant for the rockfall issue. The
tests were conducted following a methodology commonly used
for this type of tests and attention was focused on determining
the restitution coefﬁcients, the rolling coefﬁcient and both kinetic
and rotational energy at impact. Although similar tests have
already been conducted in Europe and in other countries, it is
the ﬁrst time such a characterisation of the rockfall motion is
performed in Australia.
The results have shown a very high variability of the results
due to the use of natural blocks in a natural environment.
Nonetheless, some conclusions could be drawn. In particular,
the values of the normal restitution coefﬁcient have been found
generally much higher than the benchmarks of the rockfall
literature, with values up to 2. This is believed to be due to a
combination of different parameters: high rotational energy preimpact, low impacting angles and signiﬁcant angularity of the
blocks. Similarly, the tangential restitution coefﬁcients have been
found to be higher than the values usually adopted. Again, the
rotational energy is believed to be responsible for this fact.
The values of the rolling coefﬁcient were found to be in
accordance with the outcomes from the literature and it is
suggested that different approaches to determine them may be
warranted in different conditions. In particular, the results suggest that in some situations it may be necessary to assign
different rolling coefﬁcient values to different sections of a slope
in order to represent the overall rolling behaviour of a block.
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The usual approach of starting with a single rolling coefﬁcient
value may be adequate but one should qualitatively assess if the
geo-morphological conditions are met to follow the resulting
phases of motion. If not, the alternative approach of adopting
several locally-applicable rolling coefﬁcients might be more
appropriate, particularly when angular blocks are likely to decelerate whilst rolling on gentler slopes.
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