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Abstract. Energy absorption effects of topsoil and talus in mitigating rockfall impacts should be properly 
evaluated to design effective countermeasures against rockfalls. However, previous studies have largely 
focused on scenarios wherein the impact angle is either constant or relatively small; consequently, research 
on the influence of varying slope gradients, drop angles and impact angles on rockfall energy absorption is 
limited. To address this gap, this study investigated the rockfall behaviour on horizontal and inclined 
granular mats through a scaled model and full-scale experiments. The results obtained are summarised as 
follows: (1) The energy absorption rate of rockfall on granular mats is primarily influenced by the impact 
angle rather than the slope inclination angle; when the impact angle remains constant, the energy absorption 
rate is approximately the same regardless of the slope inclination. (2) In full-scale experiments, multivariate 
analysis of factors such as granular mat thickness, rockfall size, impact velocity, and impact angle revealed 
that the impact angle had a significant effect on energy absorption. Our study findings deepen the 
understanding of rockfall behaviour on granular surfaces and provide important insights into the design of 
rockfall mitigation measures. 

1 Introduction 
Rockfalls pose significant threats to infrastructure and 
human safety, making the design of effective mitigation 
measures crucial. Granular materials, such as topsoil, 
talus, sand cushions, and gravel cushions, have been 
shown to play a crucial role in rockfall energy 
dissipation. These materials function as natural rockfall 
protection structures and present a fascinating 
phenomenon from the perspective of granular material 
mechanics. Understanding the energy absorption 
mechanisms when rockfalls interact with these granular 
surfaces is essential for gaining insight into rock 
behaviour and the dynamic interactions between 
granular materials and obstacles. 
 Previous studies have mostly focused on scenarios 
wherein the impact angle is either constant or relatively 
small, and research on the influence of varying slope 
gradients, drop angles and impact angles on rockfall 
energy absorption is limited [1-5]. Although some 
studies have been conducted on the effects of impact 
angles [6-8], few large-scale experimental 
investigations exist. To address this gap, this study 
investigated the behaviour of rockfalls on granular 
surfaces by using both scaled model experiments and 
full-scale tests. By systematically varying the slope 
gradient and impact angle, this study aimed to elucidate 
the influence of these parameters on the energy 
dissipation during rockfall impacts. 
 This study builds on existing research by extending 
the examination of granular material behaviour under 
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more diverse conditions to provide a deeper 
understanding of rockfall dynamics and contribute to 
more effective design strategies for rockfall mitigation. 
Full-scale and systematic model experiments facilitate 
more accurate predictions of energy absorption and 
rockfall behaviour on granular surfaces, potentially 
yielding valuable insights for engineering applications 
in rockfall protection. 

2 Effects of slope angle and impact 
angle in scaled model experiments  

2.1 Experimental conditions 

Oblique incidence of falling rocks was conducted to 
investigate the effects of the impact angle (the difference 
between the drop and slope angles) on the rockfall 
behaviour, as shown in Figures 1 and 2, to examine the 
kinetic behaviour of falling rocks on inclined surfaces 
with granular layers [9]. A sphere made of alumina (60 
mm in diameter, 408 g in mass, and 3.61 specific 
gravity) was used as the falling mass, with black dots 
attached to the surface to calculate the angular velocity, 
as shown in Figure 3. The impact angle was varied by 
adjusting the apparatus’s inclination angle. The falling 
rock was released from the positions determined after 
considering velocity damping to adjust the impact 
velocity. 
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Figure 3 depicts the definitions of these terms. 
Considering the composite velocity in the normal and 
tangential directions, the velocity of a falling rock is 
defined as the incident velocity V before impact and the 
reflection velocity V' after impact. The ratio of the 
velocities before and after impact is expressed as the 
velocity ratio, V'/V. The component of velocity in the 
normal direction is denoted by the subscript n, whereas 
that in the tangential direction is denoted by the 
subscript t. For angular velocity, the incident angular 
velocity before impact is denoted as ω, while the 
reflection angular velocity after impact is denoted as ω'. 
The energies of the velocity and rotational components 
are denoted as Ev and Er, respectively. The total kinetic 
energy is denoted as Ek. 

Slope surface soil and talus are prone to collapse 
during rockfall impacts owing to their loosely deposited 
nature. Therefore, sand with a low shear strength, such 
that it easily collapses, was used as the experimental 
sample. Toyoura sand was used as the sediment layer, 
and the surface soil of the sediment layer remained 
stable until the rockfall collided, even with variations in 
the slope angle. The average particle diameter was 0.2 
mm. The setup was controlled with a relative density Dr 
of 70% and moisture content w of 3% to investigate the 
penetration traces. In this study, the experimental 
conditions were set based on the ratio of layer thickness 
T to falling mass diameter Df. 

2.2 Experimental results 

Figure 4 shows the results of the experiment conducted 
with varying slope angles using an inclination apparatus 
on the sediment layer with a relative layer thickness T/Df 
= 1. Vn’/Vn and Vs’/Vs represent the velocity ratios in the 
normal and tangential directions, respectively. The drop 
condition was vertical free fall with an impact velocity 
V = 4.4 m/s and a ratio of incident rotational energy to 
incident kinetic energy Er/Ek = 0. Evidently, both the 
velocity and kinetic energy ratios increased as the slope 
angle increased. Figure 5 presents the results of an 
experiment conducted with spheres entering at different 
impact angles and an impact velocity V = 4.4 m/s, with 
a ratio of incident rotational energy to incident kinetic 
energy Er/Ek = 0.20 to 0.25, by using the inclination 
apparatus on the horizontal sediment layer (θ = 0°) with 
a relative layer thickness T/Df = 1/2. Evidently, the 
velocity and kinetic energy ratios decrease as the impact 
angle increases. Figure 6 shows the results of the 
experiment conducted with varying slope angles using 
an inclination apparatus on the sediment layer with a 
relative layer thickness T/Df = 1/2. The incident 
conditions were an impact angle α = 30°, impact 
velocity V = 4.4 m/s, and a ratio of incident rotational 
energy to incident kinetic energy Er/Ek = 0.20 to 0.25. 
Evidently, the velocity ratio is maintained even when 
the slope angle increases. 

 
Fig.1. Slope model                    Fig.2. Oblique incidence equipment                  Fig.3. Definition of terms 
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3 Multivariate analysis of impact 
conditions in full-scale experiments  

3.1 Experimental conditions 

This study analysed the results of the full-scale rockfall 
experiments on sand cushions conducted by Isoai et al 
[10,11]. Figure 7 shows the full-scale experimental 
setup. Table 1 lists the experimental cases analysed. The 
experiments involved dropping a weight, whose shape 
complies with the European Organisation for Technical 
Assessment standards [12], from a 50° slope, causing it 
to collide with a sand cushion. The sand cushion layer 
thicknesses were 0.3, 0.6, 0.9, and 1.2 m, and the 
weights had masses of 250, 1600, and 2500 kg. 

3.2 Analysis results 

A multiple regression analysis was performed with 
explanatory variables, including the sand cushion layer 

thickness T, weight diameter Df, impact angle α, impact 
velocity V, rotational energy ratio Er/Ek, and rockfall 
energy absorption rate Ek’/Ek by the sand cushion as the 
objective variable, where Ek’ represents the reflected 
kinetic energy after the sand cushion impact. The 
following regression equation was derived: 
 
 Ek’/Ek = 30.42 T – 12.70 Df + 1.418 α – 3.169 V        

– 59.34 Er/Ek + 68.41                                 (1) 
 
Here, the dependent variable and equation constants 
represent the regression coefficients and the constant 
term. Figure 8 depicts the experimental rockfall energy 
absorption rates and the predicted values based on the 
regression equation, and the regression equation was 
consistent with the experimental results. Using this 
regression equation, the influence of sand cushion layer 
thickness (0.3–1.3 m), weight diameter (0.5–1.3 m), 

 
Fig.7. Full-scale experiments setup 

Table 1. Experimental cases 
Reference 
number 

Thickness of 
sand cushion 

T (m) 

Diameter of 
falling mass  

Df (m) 

Impact 
angle  
α(°) 

Impact 
velocity 
V(m/s) 

Rotational 
energy ratio  

Er / Ev 

Energy absorption 
ratio 

(1 - Ek') / Ek 
[10] 1.2 1.12 24.1 17.2 0.173 69.1 
[10] 1.2 0.96 41.7 18.3 0.164 77.6 
[10] 0.9 1.12 36.7 17.2 0.156 63.3 
[10] 0.9 1.12 42.8 18.1 0.146 67.8 
[10] 0.9 0.96 32.6 17.3 0.120 70.9 
[10] 0.9 0.96 27.0 15.7 0.167 63.0 
[10] 0.6 1.12 39.8 18.3 0.149 63.1 
[10] 0.6 0.96 44.2 18.3 0.110 60.8 
[10] 0.6 0.96 37.7 18.6 0.183 57.3 
[10] 0.6 0.51 40.9 18.4 0.172 71.0 
[10] 0.3 0.96 44.3 18.4 0.191 56.0 
[11] 0.3 0.51 35.6 15.4 0.226 55.2 
[11] 0.6 1.12 29.8 13.7 0.149 45.6 
[11] 0.6 1.12 41.1 14.0 0.115 89.5 
[11] 0.6 1.12 46.2 15.4 0.221 81.6 
[11] 0.6 1.12 36.2 16.1 0.153 73.8 
[11] 0.6 1.12 35.9 17.6 0.131 65.9 
[11] 0.6 1.12 42.3 14.6 0.185 78.6 
[11] 0.6 0.51 48.3 20.1 0.128 85.1 
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Figure 3 depicts the definitions of these terms. 
Considering the composite velocity in the normal and 
tangential directions, the velocity of a falling rock is 
defined as the incident velocity V before impact and the 
reflection velocity V' after impact. The ratio of the 
velocities before and after impact is expressed as the 
velocity ratio, V'/V. The component of velocity in the 
normal direction is denoted by the subscript n, whereas 
that in the tangential direction is denoted by the 
subscript t. For angular velocity, the incident angular 
velocity before impact is denoted as ω, while the 
reflection angular velocity after impact is denoted as ω'. 
The energies of the velocity and rotational components 
are denoted as Ev and Er, respectively. The total kinetic 
energy is denoted as Ek. 

Slope surface soil and talus are prone to collapse 
during rockfall impacts owing to their loosely deposited 
nature. Therefore, sand with a low shear strength, such 
that it easily collapses, was used as the experimental 
sample. Toyoura sand was used as the sediment layer, 
and the surface soil of the sediment layer remained 
stable until the rockfall collided, even with variations in 
the slope angle. The average particle diameter was 0.2 
mm. The setup was controlled with a relative density Dr 
of 70% and moisture content w of 3% to investigate the 
penetration traces. In this study, the experimental 
conditions were set based on the ratio of layer thickness 
T to falling mass diameter Df. 

2.2 Experimental results 

Figure 4 shows the results of the experiment conducted 
with varying slope angles using an inclination apparatus 
on the sediment layer with a relative layer thickness T/Df 
= 1. Vn’/Vn and Vs’/Vs represent the velocity ratios in the 
normal and tangential directions, respectively. The drop 
condition was vertical free fall with an impact velocity 
V = 4.4 m/s and a ratio of incident rotational energy to 
incident kinetic energy Er/Ek = 0. Evidently, both the 
velocity and kinetic energy ratios increased as the slope 
angle increased. Figure 5 presents the results of an 
experiment conducted with spheres entering at different 
impact angles and an impact velocity V = 4.4 m/s, with 
a ratio of incident rotational energy to incident kinetic 
energy Er/Ek = 0.20 to 0.25, by using the inclination 
apparatus on the horizontal sediment layer (θ = 0°) with 
a relative layer thickness T/Df = 1/2. Evidently, the 
velocity and kinetic energy ratios decrease as the impact 
angle increases. Figure 6 shows the results of the 
experiment conducted with varying slope angles using 
an inclination apparatus on the sediment layer with a 
relative layer thickness T/Df = 1/2. The incident 
conditions were an impact angle α = 30°, impact 
velocity V = 4.4 m/s, and a ratio of incident rotational 
energy to incident kinetic energy Er/Ek = 0.20 to 0.25. 
Evidently, the velocity ratio is maintained even when 
the slope angle increases. 
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3 Multivariate analysis of impact 
conditions in full-scale experiments  

3.1 Experimental conditions 

This study analysed the results of the full-scale rockfall 
experiments on sand cushions conducted by Isoai et al 
[10,11]. Figure 7 shows the full-scale experimental 
setup. Table 1 lists the experimental cases analysed. The 
experiments involved dropping a weight, whose shape 
complies with the European Organisation for Technical 
Assessment standards [12], from a 50° slope, causing it 
to collide with a sand cushion. The sand cushion layer 
thicknesses were 0.3, 0.6, 0.9, and 1.2 m, and the 
weights had masses of 250, 1600, and 2500 kg. 

3.2 Analysis results 

A multiple regression analysis was performed with 
explanatory variables, including the sand cushion layer 

thickness T, weight diameter Df, impact angle α, impact 
velocity V, rotational energy ratio Er/Ek, and rockfall 
energy absorption rate Ek’/Ek by the sand cushion as the 
objective variable, where Ek’ represents the reflected 
kinetic energy after the sand cushion impact. The 
following regression equation was derived: 
 
 Ek’/Ek = 30.42 T – 12.70 Df + 1.418 α – 3.169 V        

– 59.34 Er/Ek + 68.41                                 (1) 
 
Here, the dependent variable and equation constants 
represent the regression coefficients and the constant 
term. Figure 8 depicts the experimental rockfall energy 
absorption rates and the predicted values based on the 
regression equation, and the regression equation was 
consistent with the experimental results. Using this 
regression equation, the influence of sand cushion layer 
thickness (0.3–1.3 m), weight diameter (0.5–1.3 m), 
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Table 1. Experimental cases 
Reference 
number 

Thickness of 
sand cushion 

T (m) 

Diameter of 
falling mass  

Df (m) 

Impact 
angle  
α(°) 

Impact 
velocity 
V(m/s) 

Rotational 
energy ratio  

Er / Ev 

Energy absorption 
ratio 

(1 - Ek') / Ek 
[10] 1.2 1.12 24.1 17.2 0.173 69.1 
[10] 1.2 0.96 41.7 18.3 0.164 77.6 
[10] 0.9 1.12 36.7 17.2 0.156 63.3 
[10] 0.9 1.12 42.8 18.1 0.146 67.8 
[10] 0.9 0.96 32.6 17.3 0.120 70.9 
[10] 0.9 0.96 27.0 15.7 0.167 63.0 
[10] 0.6 1.12 39.8 18.3 0.149 63.1 
[10] 0.6 0.96 44.2 18.3 0.110 60.8 
[10] 0.6 0.96 37.7 18.6 0.183 57.3 
[10] 0.6 0.51 40.9 18.4 0.172 71.0 
[10] 0.3 0.96 44.3 18.4 0.191 56.0 
[11] 0.3 0.51 35.6 15.4 0.226 55.2 
[11] 0.6 1.12 29.8 13.7 0.149 45.6 
[11] 0.6 1.12 41.1 14.0 0.115 89.5 
[11] 0.6 1.12 46.2 15.4 0.221 81.6 
[11] 0.6 1.12 36.2 16.1 0.153 73.8 
[11] 0.6 1.12 35.9 17.6 0.131 65.9 
[11] 0.6 1.12 42.3 14.6 0.185 78.6 
[11] 0.6 0.51 48.3 20.1 0.128 85.1 
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impact angle (20°–60°), impact velocity (5–30 m/s), and 
rotational energy ratio (0.1–0.2) on energy absorption 
rates was investigated. The results showed that the most 
influential variable was the impact velocity, followed by 
the impact angle. Figure 9 shows the predicted results 
based on the regression equation for impact velocity, 
indicating that when the impact angle is 60°, more than 
90% of the rockfall energy can be absorbed. 

4 Conclusion 
This study investigated rockfall behaviour on granular 
surfaces through scaled model experiments and full-
scale tests, systematically varying the slope gradient, 
drop angle and impact angle to elucidate their influence 
on energy dissipation during impacts. 
 The study results revealed that the energy 
absorption rate was more strongly influenced by the 
impact angle than by the slope angle. Furthermore, 
multiple regression analysis of the full-scale 
experiments confirmed the significant effect of the 
impact angle on energy absorption. The findings of this 
study deepen the understanding of rockfall behaviour on 
granular surfaces and afford important insights into the 
design of rockfall mitigation measures. 

Future research will seek to clarify the cushioning 
mechanism of granular mats, wherein the impact angle 
is the dominant factor, through numerical analysis 
methods such as the discrete element method. 
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Fig.9. Predicted results based on the multiple 

regression equation 
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