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Figure 1. Image of risks of safety of slopes in the vicinity of the 
nuclear power plants. 
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ABSTRACT: After slope failure due to unexpected ground motion at a nuclear facility, it is important to perform risk assessment in 
relation to earthquake induced slope instability by analyzing the behavior of rocks and soils produced by slope failure. In this study, 
we focused on the impact loads of slope failure induced rocks and soil masses on the nuclear facility, and conducted a series of model 
experiments using a large-scale slope model and free falling rock and soil mass models. On the basis of the results from the 
experiments, calculation formulas for the peak values of the collision directional loads of rock and soil models were suggested, based 
on the theoretical formula of impact loads for rocks introduced by Hertz and that for soils based on fluid dynamics. 

RÉSUMÉ : Lors de l’évaluation des risques liés à l’instabilité des pentes face aux séismes, il est considéré comme important 
d’analyser la motion des roches et du sol causée par un glissement de talus, étant donné qu’un glissement de talus peut se produire sur 
les installations nucléaires à cause d’un tremblement de terre imprévu. Dans cette étude, en nous faisant attention à l’influence sur les 
installations nucléaires de la charge d’impact des roches et du sol produite par les glissements de talus, nous avons mené une série 
d’expérimentations sur les marquettes des grands talus ainsi que sur la chute libre des maquettes des roches et du sol. Sur la base des 
résultats, nous avons proposé une formule de calcul des valeurs maximales de la charge des maquettes des roches et du sol en 
direction de la collision à l’aide de la formule théorique de la charge d’impact des roches proposée par Hertz et de la formule sur la 
charge d’impact du sol basée sur la dynamique des fluides.

KEYWORDS: Model experiment, Rock and soil, and Impact load 

 
1  INTRODUCTION 

To ensure safety of nuclear power plants, which is a critical 
infrastructure, careful consideration should be made of their 
safety preparedness regulations against slope failures in the 
vicinity of the nuclear power plants. Figure 1 shows an image 
of risks of safety of slopes in the vicinity of the nuclear power 
plants. Safety of events 1 and 2 depicted in Figure 1 can be 
evaluated by such as a limit-equilibrium analysis method. 
However, residual risks, which will be caused by 
inhomogeneity of soils in slopes, unreliability of the limit-
equilibrium methods, and unexpected ground motion, can 
produce the events 3 to 5 depicted in Figure 1, which are 
collapse behavior of rocks and soils induced by slope failure, 
impact loads due to collision of rocks and soils with nuclear 
facilities, and influences of the impact loads on damages to the 
nuclear facilities. Therefore, an evaluation method of collapse 
behavior and impact loads of rocks and soils induced by slope 
failure is required. In order to establish the evaluation method 
of the impact loads, a series of model experiments using a 
large-scale slope model and free falling rock and soil mass 
models was performed. This paper presents an outline of the 
experiments and an evaluation method of the impact loads of 
rocks and soils proposed by experimental results.  
 
2  OUTLINE OF MODEL EXPERIMENTS 

2 .1  Outline of a large-scale slope model experiment 

A photo of a large-scale slope model is shown in Figure 2. A 
model slope was constructed using multiple PC boards with a 
width of 5.0 m. The slope consisted of three different segments. 
The bottom segment was flat and had a length of 7.5 m. The 
first part of the slope measured 5.7 m with a slope of 29o, and 

the top part measured 5.0 m in length and had a 43o slope. 
Photos of a reaction wall and load cell are shown in Figure 3. 
The impact loads of the rocks were measured using one load 
cell with a capacity of 1.0 MN, an opposite surface of 0.5 m × 
0.5 m, and required response frequency for impact load 
measurements of more than 0.1 kHz. The impact loads of the 
soils were measured using four load cells with a capacity of 
20.0 kN and opposite surface of 0.5m × 0.5m. These were 
installed on the front of the reaction wall on the flat portion. 
The impact loads of the rock models at the direction 
perpendicular to collision and up-and-down direction were also 
measured with small degree of interference of 1.92 % and small 
eccentric error of 0.12 % in static loading and less than 1.0 % in 
dynamic loading between loading directions. Additionally, a 
21.0 mm thick plywood board was laid on the opposite surface 
of the load cell so as to avoid damages to the load cells. 
   Spherical, massive, and planer rock models with 
representative diameters of 20.0 and 40.0 cm were used. The 
rock models were made of a high strength grout mixed with 
fibers, as shown in Figure 4. Behavior of the rock models was 
filmed using a high resolution and speed CCD camera with a 
sampling frequency of 150.0 Hz, and impact velocities of the 
models were measured by tracking multiple target points 
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Figure 2. Photo of a large-scale slope model. 
 

 
Figure 3. Photos of reaction wall and load cell. 
 

 
 (a) Spherical     (b) Massive   (c) Planer 
Figure 4. Rock models with a diameter of 20 cm. 
 

 
Figure 5. Conditions of soil models before and after experiments. 
 

 
Figure 6. Photos of a free-falling experiment. 
 

Figure 7. Schematic figures of soil models. 
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Figure 8. Time histories of impact loads of rock models. 
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depicted on the rock models using an image analysis process by 
the Particle Tracking Velocimetry (PTV) method.  

Mechanically-stabilized crushed stone M40, or a mixture of 
M40, Inagi sand, and water with weight ratio of 100:25:10 were 
used for the soil model with a volume of 1.0 m3. Impact 
velocities of the soil models were measured by tracking 
multiple white small stones buried in the soil models as the 
target points for image analysis process by the PTV method.  

The rock models were dropped from the crown of the slope 
model with 1.0 m high. The 20.0 and 40.0 cm diameter rock 
models were dropped by hand and a power shovel, respectively. 
The soil models were compacted to a height of 0.2 m on a truck 
bed of 2.3 m × 1.9 m, with a density of 18.5 kN/m3 for the 

model made of only M40 and 16.4 kN/m3 for that of the 
mixture of M40, Inagi sand, and water as shown in Figure 5. 
The bed was then tilted to an angle of 66.0 degrees to allow the 
soil to flow. The experiments of spherical, massive, and planer 
rock models were performed with 37, 44, and 18 cases, 
respectively, as well as 2 cases for the soil models.  

2 .2  Outline of a free-falling experiment 

A photo of a free-falling experiment is shown in Figure 6. Rock 
and soil models were dropped on the load cell for the rock 
models installed on a reaction wall. The reaction wall is a 2.6 m 
×1.2 m × 1.4 m reinforced concrete block with six H-shaped 
steel piles with 3.4 m deep, which was designed so as not to be 
displaced by a 1.0 MN static vertical load. Additionally, the 
above-mentioned plywood board as well as a 60 mm thick 
concrete board were laid on the opposite surface of the load cell 
in order to investigate the influences of difference of the boards 
on the impact load characteristics. 
  The above-mentioned manmade spherical and massive rock 
models made of the high strength grout mixed with fibers as 
well as real rocks (Andesite) with representative diameters of 
20.0 and 40.0 cm were used. Also, two kinds of large soil bags 
(100 and 160 kg) and three kinds of small soil bags (40.0, 80.0, 
120 kg) filled with the M40 were used as the soil models shown 
in Figure 7. The rock and soil models were dropped with 0.5 to 
5.0 m high by a power shovel as shown in Figure 6. The impact 
velocities of the models were calculated by 
 2 ,                     (1) 
 
where, g (m/s2) is the gravitational acceleration, and h (m) is the 
falling height. It was confirmed that the calculated velocities by 
Eq. (1) were consistent with that introduced from an image 
analysis process by the PTV method. The experiments of 
spherical and massive rock models were performed with 20 and 
80 cases, respectively, as well as 46 cases for the soil models. 
 
3  EXPERIMENTAL RESULTS 

3 .1  Rock models 

An example of time histories of impact loads of rock models 
introduced from the large-scale slope model experiments is 
shown in Figure 8. A peak value of the impact load at collision 
direction tended to be larger than that of other directions. 
Overall, the peak values at the direction perpendicular to 
collision of the rock models with diameters of 20.0 and 40.0 cm 
were 0.30 and 0.125 times smaller than that of collision 
direction, respectively. The peak values at the up-and-down 
direction of the rock models with diameters of 20.0 and 40.0 cm 
were 0.50 and 0.20 times smaller than that of collision direction, 
respectively. The impact loads at collision direction were the 
only thing investigated in the free-falling experiments.  
  Relationship between peak values of impact loads at collision 
direction and impact velocities of rock models except planer 
models is shown in Figure 9. The peak values were correlated 
with the impact velocities. The peak values of impact loads of 
spherical rock models were generally larger than that of other 
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(a) Plywood board 

 

 
(b) Concrete board 
Figure 9. Relationship between peak values of impact loads and impact velocities of spherical, massive and real rock models. 
 

 
Figure 10. Relationship between peak values of impact loads and impact velocities of soil models (Cases with the plywood board). 
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models. This is mainly because the mass of the spherical rock 
model was larger than that of other rock models. 

3 .2  Soil models 

Relationship between peak values of impact loads at collision 
direction and impact velocities and impulse of soil models is 
shown in Figure 10. It should be noted that the relationship of 
the concrete board cases were omitted because that was largely 
consistent with that of the plywood board cases. Additionally, 
the impulse was used as a variable to investigate into the 
correlation with the peak values of impact loads in the cases 
using the soil bags. Consequently, the peak values of impact 

loads were correlated with the impact velocities and impulse. 
The peak values of impact loads of the small soil bags tended to 
be larger, as the number of the small soil bags was larger.  
 
4  SUGGETION OF EVALUATION METHOD OF IMPACT 

LOADS 

4 .1  Rock models 

A calculation formula of the peak values of the impact loads at 
collision direction of rock models was derived from the 
relationship between the peak values and impact velocities in 
order to establish the evaluation method. Theoretical formula of 
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 Table 1. Parameters of calculation formulas of rock models
Shape Spherical Massive Planer Real rock 
Representative diameter 20cm 40cm 20cm 40cm 20cm 40cm 20cm 40cm
Mass (kg) 9.20 72.3 8.50 31.9 10.8 27.3 12.3-13.0 27.3-44.2
Radius (m) 0.10 0.20 0.10 0.14 0.16 0.17 0.10 0.12-0.15
Correction 
coefficient 

Plywood 1.0 0.50 0.40 0.50 
Concrete 1.0 0.70 Not performed 0.90 

Lame’s constants 
(kN/m2) 

Plywood 220.0 
Concrete 25.0 

Poisson’s ratio 
Plywood 0.40 
Concrete 0.16 

 
Table 2. Parameters of calculation formulas of soil models 

Experiment Large-scale slope model experiment Free-falling experiment 
Model M40 Mixture Large soil bags Small soil bags
Unit weight (kN/m3) 18.5 16.4 - - 
Collided area (m2) 0.37 0.43 - - 
Mass (kg) - - 100.0, 160.0 40.0, 60.0, and 120.0
Correction coefficient 1.50 1.50 0.10 0.30 

 

peak values of impact loads when a spherical rigid body 
collided with an elastic reaction wall proposed by Hertz is  
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where, P (kN) is the peak value of the impact load at collision 
direction, λ (kN/m2) is the Lame’s constants of the reaction wall, 
ν is the Poisson’s ratio of the reaction wall, R (m) is the radius 
of the rigid body, and m (kg) is the mass of the rigid body. The 
ν was set as the Poisson’s ratio of a concrete or plywood board 
introduced by Watanuki et al. (1972). The radius of spherical 
rock models or half of mean value of the long and short sides of 
other models were used as the R. 
  First, the λ of the plywood and concrete boards was derived 
so that the Eq. (2) largely included the measured values in the 
relationship between peak values of the impact loads and 
impact velocities of the spherical rock model. Then, the 
correction coefficients α were derived so that the peak values 
calculated by the following Eq. (3) included the measured 
values in the relationship between peak values of the impact 
loads and impact velocities of other rock models:  
 

PP  ,                  (3) 
 
where, P’ (kN) is the peak values of the impact loads at 
collision direction of rock models except the spherical rock 
model. 
   The calculated values using Eq. (2) and (3) were plotted in 
Figure 9. The derived λ and α as well as other parameters were 
shown in Table 1. The calculated values largely included the 
measured values. It should be noted that calculated values of 
several kind of the real rock models were plotted because 
multiple real rock models with different masses were used. The 
calculated λ of the plywood and concrete boards was smaller 
than that of general elastic values. This is because the damages 
to the boards caused the decrease of the λ.  

4 .2  Soil models 

The calculation formula of impact loads at collision direction of 
soil models in the slope model experiment was derived based 
on the calculation formula of a debris flow (National Institute 
for Land and Infrastructure Management, 2007), which is 
described by 
 

2
s

s
s AV

g
P

  ,               (4) 

where, Ps (kN) is the impact load of the soil model, β is the 
correction coefficient, γs (kN/m3) is the unit weight of the soil 
model, A (m2) is the collision area between the soil model and 
reaction wall, and Vs (m/s) is the impact velocity of the soil 
model. The calculation formula of impact loads of soil models 
in the free-falling experiment was derived by 
 

sss VmP    ,                (5) 

 
where, β’ is the correction coefficient and ms (kg) is the mass of 
the soil model. The calculated values using Eqs. (4) and (5) 
were plotted in Figure 10. The derived parameters were shown 
in Table 2. The calculated values included the measured values 
when the β and β’ were 1.50 and 0.10-0.30, respectively. 
 
5  CONCLUSION 

The impact load characteristics of different shaped and scaled 
rock and soil models were investigated through the large-scale 
slope model and free-falling experiments. Additionally, the 
calculation formulas of the peak values of impact loads at 
collision direction of rock and soil models were proposed. 
Enhancement of the calculation formulas including collision 
duration and application of the formulas to real events are 
required in future work. 
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