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ABSTRACT 
 
Rock fall phenomenon commonly occurs in excavation projects, road cuts and mining projects in the 
Queensland area, and it can cause safety problems, casualties and financial losses. In order to analyse 
rock fall, coefficients of restitution associated with energy dissipation during impact, have been widely 
used by many researchers. Despite the significant effects of surface roughness on rock fall analysis, far 
too little attention has been paid to explore a correlation between surface roughness and coefficients of 
restitution. This paper investigates the influence of surface roughness on the kinematic, normal and 
tangential coefficients of restitution. Several series of small-scale laboratory experiments were carried 
out, using natural rock and rock surfaces, characterized by different joint roughness coefficient (JRC). 
Also, various falling heights and surface inclinations were considered to assess the impact of surface 
roughness under particular circumstances. It was found that lower values of JRC led to a narrower 
range of the coefficients of restitution, whereas surface profiles with higher JRC values resulted in 
more scattered restitution coefficients owing to the more irregular geometry of the impact area. 
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INTRODUCTION  
 
Rock fall has been known as a natural hazard, usually observed in regions with steep topography such 
as mountainous areas, open pit mines, quarry faces and road cuts, causing serious damage to 
residential areas and infrastructures. Therefore, rigorous evaluation of rock fall is required so as to 
efficiently mitigate its consequences and design the best protective measures. To do so, a block 
trajectory is usually studied which can be considered as a combination of freefalling, bouncing, rolling 
and sliding (Ritchie 1963). Despite the significance of the bouncing phase in the block trajectory 
evaluation, it is described as the less understood phase (Labiouse and Heidenreich 2009). Generally, 
the bouncing phase illustrated in Figure 1, is investigated by coefficient of restitution (CoR), 
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representing energy dissipation of a falling rock owing to collision with a surface. Researchers have 
adopted different definitions of CoR. The kinematic coefficient of restitution (CoRk) based on the 
Newton’s collision theory is commonly used in the literature (Asteriou et al. 2012; Chau et al. 2002; 
Volkwein et al. 2011): 
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where 
bV  and 

aV  are the block velocities before and after impact, respectively. Moreover, the most 

popular definition used by many authors is presented in terms of the normal and tangential 
components of the CoRk denoted by CoRn and CoRt herein, respectively: 
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where 
bnV  and 

anV  are the normal components of velocity before and after impact, respectively; and 
btV , 

atV  are the tangential components of velocity before and after impact, respectively (Chau et al. 2002; 

Spadari et al. 2012; Giani et al. 2004; Buzzi et al. 2012). The CoR can be affected by a variety of 
parameters which could be investigated by performing field tests (Giani et al. 2004; Asteriou et al. 
2012; Spadari et al. 2012) and laboratory studies (Asteriou et al. 2012; Labiouse and Heidenreich 2009; 
Buzzi et al. 2012; Chau et al. 2002) as well as numerical simulations (Giani et al. 2004; Wang and Lee 
2010; Alejano et al. 2007). 
 

 
Figure 1. Definition of rock velocity components in regard to the rock trajectory  

 
The influence of the block characteristics such as material, shape, weight and size were studied 
experimentally or numerically using plaster or concrete rather than natural rocks (Labiouse and 
Heidenreich 2009; Chau et al. 2002; Buzzi et al. 2012). Owing to the significance of the block 
configuration at the time of collision, many researchers focused on the recognisable block shapes, such 
as spherical or cubic blocks (Labiouse and Heidenreich 2009; Chau et al. 2002; Buzzi et al. 2012; 
Asteriou et al. 2012). The impact of slope material characteristics on the CoR were examined by 
Pfeiffer and Bowen (1989), Richards et al. (2001) and Chau et al. (2002). The dependency of the CoRn 
on the slope angle was pointed out in the literature (Chau et al. 2002; Labiouse and Heidenreich 2009; 
Asteriou et al. 2012) whereas the CoRt seemed to be independent of the slope angle. 
 
In terms of surface roughness, it was found that the impact angle, velocity of the falling rock and 
bounce height can be affected by this parameter (Ritchie 1963). Wu (1985) indicated that the surface 
roughness can result in the variation of the block trajectory and random modes of motion. Wang and 
Lee (2010) performed a computer modelling, simulating a slope with different inclinations and 
roughness values. They found that the more irregular surface led to rolling or sliding other than 
bouncing, though they did not address the effect of roughness on the CoR. Despite all these efforts, 
still no research has been performed to establish a relationship between the CoR and surface roughness, 
considering natural rock materials. This study seeks to investigate the impact of variable surface 
roughness on the kinematic, normal and tangential CoR, conducting small scale laboratory tests with 
natural rock and rock surfaces.  
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EXPERIMETNAL SETUP 
 

Characterisation of Surface Roughness 
 
Two greywacke rock specimens collected from the Brisbane area were used as the impact surfaces. To 
adjust the surface inclination, each rock specimen was placed into a box with dimensions of 403015 
cm3. The box was then filled with plaster. After the plaster was cured, the surface was characterized by 
the values of joint roughness coefficient (JRC). For this purpose, the rock surface was divided into a 
grid pattern with a distance of 2 cm between any two lines as shown in Figure 2. The roughness profile 
along each line was recorded using a Barton’s comb. Each profile was compared with the standard 
JRC profiles proposed by Barton and Choubey (1977), in which the JRC values range from 0 to 20. 
Based on this method, the roughness profiles obtained from Rock Surface One (see Figure 2a) were 
characterized by a wide range of JRC from 12 to 18. This signified that Rock Surface One represented 
a rough surface with a high degree of unevenness and indentation. On the other hand, Rock Surface 
Two (see Figure 2b) was identified as a smooth surface since the roughness profiles had a more 
regular geometry with a lower JRC varying from 4 to 12.  
 

  
(a) Rock Surface One    (b) Rock Surface Two 

Figure 2. The rock surfaces prepared for the experimental setup and characterised by various JRCs 
 
Test Procedure 
 
Table 1 summarises the experimental program and the data obtained from a number of tests 
undertaken on the two surfaces with various JRC values. Falling heights and surface angles were 
changed to evaluate the sensitivity of the CoR while the surface roughness was taken into account. 
 

Table 1. The plan of the laboratory tests and the average values of the CoR 
Surface Falling Test Series Surface No. of

height (cm) angle (deg) tests Mean St.d. Mean St.d. Mean St.d.
S1F7000w1 0 12 0.40 0.11 - - - -
S1F7020w1 20 29 0.48 0.12 0.31 0.12 1.04 0.41
S1F7030w1 30 29 0.54 0.14 0.40 0.16 0.71 0.43
S1F11000w1 0 19 0.35 0.15 - - - -
S1F11020w1 20 32 0.40 0.16 0.25 0.12 0.83 0.61
S1F11030w1 30 26 0.50 0.12 0.33 0.18 0.77 0.21
S2F7000w1 0 22 0.41 0.13 - - - -
S2F7020w1 20 23 0.49 0.10 0.38 0.11 0.93 0.41
S2F7030w1 30 28 0.59 0.08 0.32 0.14 1.00 0.28
S2F11000w1 0 22 0.39 0.08 - - - -
S2F11020w1 20 18 0.52 0.09 0.35 0.13 1.11 0.36
S2F11030w1 30 26 0.52 0.11 0.34 0.13 0.81 0.30

CoRt
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Rock 
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70

110

CoRk CoRn

 
 
A round shaped rock specimen from greywacke material weighing about 30g was used as the falling 
rock. A high-speed video camera with a frame rate of 200 fps was used to record the rock trajectory 
such that its axis was perpendicular to the rock trajectory plane. To measure the distance of the falling 
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rock from the impact point, a scale grid was located behind the surface, parallel to the rock trajectory 
plane. For each test, the rock was released manually, simulating free falling. The rock trajectory during 
collision with the surface was recorded by the high-speed camera. The impact point of the falling rock 
on the surface was captured, using another camera. 
 
In order to analyse the collected data, the time interval and the distance of the mass centre of the 
falling rock from the impact point over the 6 frames, before and after impact, were estimated from the 
footage recorded by the high speed camera. Based on the Equations 1 and 2, the restitution coefficients 
were then calculated. The corresponding JRC value of the impact point was determined and linked to 
the calculated restitution coefficients.  
 
RESULTS AND DISCUSSION 
 
To assess the relationship between the CoR and roughness of the impact surface, a number of tests 
were performed and the data collected were analysed. For the sake of brevity, the average values of the 
CoR are presented in Table 1. For the surface angle=0, the CoRn and CoRt were not estimated since 
Vbt=0. Regarding Rock Surface Two which was classified as a smooth surface with lower values of 
JRC, the standard deviations of the CoRk and CoRn lay in the range of 0.08-0.13 and 0.11-0.14, 
respectively. On the contrary, uneven rough profiles of Rock Surface One caused unpredictable 
bounces, leading to the higher standard deviations ranging from 0.11-0.16 and 0.12-0.18 for the CoRk 
and CoRn, respectively. It can be seen the standard deviations strikingly escalated in the case of CoRt, 
showing a large variability of results in terms of the both surfaces. It is noted that in the lumped-mass 
method the geometry and rotational movement of the rock are not taken into account and the rock is 
considered as either a weightless point or an object whose weight is concentrated in a point (Ritchie 
1963; Volkwein et al. 2011).This approach was adopted herein, and the size, shape and angular 
velocity of the falling rock were not considered.  
 
To further examine the influence of roughness, mean values of CoRk against JRC are plotted in Figure 
3, considering various surface inclinations. The figure indicates that the CoRk remains almost steady 
as JRC increases, regardless of surface angle. However, it is noteworthy that for JRC>14, the CoRk 
varies slightly though erratically. As for Figure 4a, the CoRn appears to decline when JRC>14, while it 
varies negligibly with JRC<14, again independent of surface inclination. Regarding CoRt this is most 
evident from Figure 4b in which the highest values of CoRt are associated with the lowest and highest 
JRC values (i.e. JRC=4 and 18, respectively). It can be implied that for θ=200, the differences in CoRt 
values approximately even out while JRC increases from 8 to 16. This trend is less pronounced in the 
case of the steeper slope (i.e. θ=300); and when JRC>12, no clear pattern of increase or decrease 
between CoRt and JRC can be observed. Accordingly, it was found that the surface profiles with 
higher values of JRC would produce more scattered data, resulting in no definite trends between the 
CoR and JRC values. This could be attributed to the geometrical irregularities and high degree of 
indentation of the contact area characterized by a high JRC value. 
 
In terms of the effect of the surface inclination on the results, it is apparent from Figure 3 and Figure 4 
that the CoRk and CoRn values are relatively higher as the surface inclination increases, which is 
consistent with the results of previous studies (Chau et al. 2002; Asteriou et al. 2012). In contrast, the 
CoRt values have a reverse trend with the surface angle, showing lower values as the surface 
inclination increases, regardless of JRC. Moreover, the impact of falling height and surface angle on 
the restitution coefficients can be better examined from Figure 5 and Figure 6. According to Figure 5 
and Figure 6a, an increase in the falling height results in a gentle decrease of the CoRk and CoRn 
values of Rock Surface One, whereas the CoRk and CoRn values of Rock Surface Two remain almost 
unchanged. It is obvious that CoRk and CoRn values have an upward trend when surface angle 
increases. In terms of CoRt, there is no clear trend between the height variations and CoRt values of 
both Rock Surface One and Rock Surface Two as can be seen from Figure 6b. 
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Figure 3. Mean CoRk vs. JRC considering different surface angles 

 

   
(a) CoRn vs. JRC    (b) CoRt vs. JRC 

Figure 4. Mean of CoRn and CoRt vs. JRC considering different surface angles 
 

 
Figure 5. Mean CoRk vs. surface inclination considering different falling heights (h) 

 

   
(a) CoRn vs. surface inclination      (b) CoRt vs. surface inclination  

Figure 6. Mean CoRn and CoRt vs. surface inclination considering different falling heights (h) 
 
CONCLUSIONS 
 
The estimation of the CoR has been a common method to study rock fall incidents and figure out the 
influence of various parameters on the rock trajectory. However, there has been no research to directly 
evaluate the effect of the surface roughness on the CoR. This study was designed to determine the 
impact of surface roughness represented by JRC, on the kinematic, normal and tangential coefficients 
of restitution, using real rock specimens. A number of laboratory tests were undertaken on the rock 
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surfaces characterized by various JRC values. To study the variation of the CoR, the falling height and 
surface angle were changed, as well. The results of this investigation showed that the uneven surface 
with higher JRC values resulted in more scattered kinematic and normal CoR, compared to those of 
the smoother surface with lower JRCs. Moreover, the effect of surface inclination and falling height on 
the kinematic and normal CoR was clearly supported by the current findings. In terms of the tangential 
CoR, this effect was less significant. This study was based on small scale rock surfaces, and attempted 
to fill the knowledge gap in understanding the impact of surface roughness on the behaviour of rock 
after collision. Field studies are further required to be undertaken considering corresponding roughness 
characterizations. 
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