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ABSTRACT 

 

Safety estimations of nuclear facilities must assess the risk of earthquakes stronger than the one assumed 

in the original design. We propose a simple model using the discrete element method to evaluate the 

traveling distances of collapsed rock mass when slope collapse occurs. Herein the model is briefly 

described, verified, and validated using simulations. The validation process includes analysis on the 

reconstruction of the ground in the Nakadori area of Fukushima prefecture damaged by the 2011 Tohoku-

Pacific Ocean Earthquake. In addition, by conducting a parametric study of the rolling resistance and by 

ensuring the effectiveness of controlling the degree of collapse, a method is described to conservatively 

estimate the sediment in the collapsed soil area and the volume of soil to be removed. 

 

INTRODUCTION 

 

It is necessary to estimate the risks against earthquake motions exceeding the original design for nuclear 

power plants (Atomic Energy Society of Japan, 2007) (Japan Nuclear Energy Safety Organization, 2013). 

Because quantitative information about the collapsed soil after a disaster is instrumental, estimating the 

sediment volume along access routes assumed to be occluded by sediment of collapsed soil and 

determining the amount and accumulated areas of sediment on surrounding roads and near nuclear power 

plants are vital.  

We have proposed a simple model (Nakase et al., 2015) employing the discrete element method 

(DEM) to calculate the traveling distance of collapsed rock. In our model, the shapes of all rock masses 

are simplified as spheres and the apparent restitution coefficients are expressed by boundary roughness. In 

this study, we demonstrate the effectiveness of our model using different simulation codes because the 

simulation results are independent of the simulation codes. The estimated traveling distance of a rock 

mass is not based on individual rocks but on the distributions of all dropped rocks.  

This rest of this paper is organized as follows. First, the model is briefly described. Then the 

algorithm is verified and validated. The validation process includes analysis on the reconstruction of the 

ground in the Nakadori area of the Fukushima prefecture, which was damaged by the 2011 Tohoku-

Pacific Ocean Earthquake. In addition, by conducting parametric study of rolling resistance, and by 

ensuring the effectiveness of controlling the degree of collapse, a method to conservatively estimate the 

sediment in the collapsed soil area and the volume of soil to be removed is described. 
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OVERVIEW OF THE DEM SIMPLE MODEL  

 

DEM was originally designed to measure polygon elements as it was developed to dynamically analyse 

the movements of block-shaped rocks separated by the cracks in bedrock (Cundall, 1971). Later, it was 

adapted to employ circle elements (sphericals in three-dimensional space (Cundall et al., 1979) to 

describe granular bodies. Because it is easier to determine the contact and write software for spherical 

elements, DEM became widely used. However, soil particles of ground materials are not precisely 

spherical. Consequently, clump elements, which are linked spheres H. (Nakase et al., 1991), and 

polyhedral elements, which are more advanced forms of polygons (polygons in two-dimensional space), 

have also been used. 

As for the spherical elements(Cundall et al., 1979), suggested a contact model between elements, 

which remains widely used today. We call this the “conventional contact model”. Additionally, other 

advances such as ground material simulations have been realized to describe interlocking elements using 

contact devices such as rolling resistance (Ai et al., 2011)( Wensrich et al., 2012) (Sakaguchi et al., 1993) 

because actual soil particles are not spherical. Moreover, the bond contact model, which uses a radial 

spring’s resistance against pulling, describes how the water content affects the meniscus on a consolidated 

granular body such as concrete or a thrust fault. In the bond contact model, once the contact forces are 

maximized the springs that link clumped elements break irreversibly.  

Although DEM has been continually developed and improved, we have been working on a simple 

DEM model to practically evaluate the movements after the collapse of a slope. To select numerical 

simulation software for practical evaluations, the following must be considered: 

1) The method of the numerical simulation must be well known. 

2) The model and parameters must be simply set based on certain rules. 

3) The numerical simulation software must be verified. 

4) The numerical simulation software must be validated by reconstructing a real disaster or 

successfully used in experiments. 

In this study, spherical elements are used. The conventional contact model is mainly used as the contact 

model between elements. Depending on the needs, an interlocking rolling resistance due to actual soil 

particles not being precise spheres can be shown. Due to ease of use, experiments using spherical 

elements in the conventional contact method are becoming more popular. 

Here we outline our simple model. The rock mass is modeled by one sphere ball instead of its exact 

shape. The roughness of the rock shape is expressed by the spacing of balls with the same radius on the 

slope or the floor in equal intervals.   

When one ball is dropped onto another fixed ball, it generally rebounds with a rotation in a direction 

other than vertical unless it falls exactly to the top of the fixed ball. The apparent restitution coefficient 

indicates the ratio of the vertical component in the rebound velocity to the contact velocity. The 

restitution coefficient is maximized when the ball is dropped directly above the top of the fixed ball. 

Hence, if the rock mass modelled by a ball drops to the floor arranged by fixed balls, the restitution 

coefficient is called as the maximum restitution coefficient, but if a realistic rock mass drops to the floor, 

the restitution coefficient is called the apparent restitution coefficient. 

The average of the apparent restitution coefficients in a simple sphere model can be changed by the 

spacing distance of the fixed balls on the slope or the floor. By specifying the appropriate intervals for the 

fixed balls, the simulation shown in Nakase et.al.(2015)  well reproduced the apparent restitution 

coefficient for a realistic rock bounce problem. 

Figure 1 shows the experiment by Tochigi et.al.(2009), which is compared with the following 

simulation using the simple model. The ball size is 6 cm and the number of simulations is 177, which are 

equivalent to that in the experiment. The maximum restitution coefficient between the balls that is 

equivalent to the rock mass is 0.48. 
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Figure 2 shows the simple model in the simulation. To restrict the initial movement without resistance, 

the surface where the sample balls are initially presented is modeled by spacing the balls tightly with a 

friction coefficient of 0. The slope and floor are modeled by spacing balls with the same diameter at 

intervals equal to the diameter in the vertical view. Figure 3, which shows the cumulative distribution 

probability of the arrival distance compared to the experiment, indicates the simulation agrees fairly well 

with the experiment. 

Although this simulation validates our simple model, an additional simulation study based on a real 

disaster is also used as another validation case. 
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Figure 1. Description of the experiment by Tochigi et al.     Figure 2. Simulation of the simple model 
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Figure 3. Comparison of the cumulative distribution probability 

 

VERIFICATION 

 

Strictly speaking, DEM calculation software must be verified by sequentially comparing the results 

obtained by the software to the change in the displacement derived from the numerical integration of the 

equations of motion. In the context of the simple model proposed in this study and for practical purposes, 

it is more important to evaluate if the restitution of elements, time intervals for stable calculation results, 

sliding, and rolling are within the acceptable errors of the theoretical values.  

  

1. Verification of the numerical simulation of the restitution experiment 

The restitution coefficient is a function of a spring coefficient, viscous damping coefficient, and mass. 

Figure 4 shows the numerical experiment of a falling collision. Given the normal direction of the spring 
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coefficient, the normal direction of the viscous damping coefficient, and the mass, we verified whether 

the expected restitution coefficient is observed. Table 1 shows the analysis parameters and the target 

restitution coefficient.  

Figure 5 shows the results of the numerical experiment, while Table 2 shows the results in a table 

format. The observed values and the theoretical values agree well, validating theoretically that the sound 

restitution movements occur given the normal direction of the spring coefficient and the normal direction 

of the viscous damping coefficient. It should be noted that the verification for the tangential direction is 

omitted since the algorithm is the same as that for the normal direction.   

 

Table 1 Target coefficient of restitution and analysis parameters 

Target coefficient of 

restitution 

Element mass (kg) Spring coefficient 

(N/m) 

Viscous damping 

coefficient (N·s/m) 

0.250 8.78kg 3.67×107 1.45×104 

0.445 8.78kg 3.67×107 8.96×103 

 

Table 2 Experimental results  

Target coefficient of 

restitution 

h1
* (m) h2

* (m) Coefficient of restitution 

(observed value) 

0.250 0.741 0.046 0.249 

0.445 0.741 0.147 0.445 

* Interference value δ when the falling element collides with the fixed element must be calculated. 

 

 
Figure 4. Falling experiment and the coefficient of restitution 
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Figure 5. Numerical results of the falling experiments 
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2. Verification of a numerical simulation of the restitution experiment 

Next, the time interval for the stable calculation results is considered. Based on experience, the time 

interval dt for stabilized calculation results is expressed as  

 

Kmdt /25.0 min      (4) 

 
Figure 6 shows the result of the parametric study using the time interval as a parameter and the 

results of the numerical experiment with a restitution coefficient of 0.45, as in Fig. 8. If dt is less than 

dt=1.2 ×10-4, dt is smaller than the value calculated from equation (4), indicating that the solution is not 

much different. However, if dt is greater than dt = 5.0 × 10-4, the results show extreme restitution. The 

analysis shown in Fig. 8 was conducted with dt = 1.2× 10-4. 
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Figure 6. Time interval parametric study 

 

3. Verification of a numerical simulation involving sliding and rolling 

In the initial condition, the spherical element with a 6-cm diameter (white) ball was fixed and the 

another spherical element with a 6-cm diameter (brown) ball was placed in contact with the surface of the 

fixed element at an angle of ϕ = 30º (Fig. 7). Then the simulator-generated movements of rolling and 

sliding were observed. Depending on the strength of friction between the elements, three types of 

movements are found: rolling without sliding (movement #1), rolling and sliding (movement #2), and 

sliding without rolling (movement #3). In the three-dimensional context, friction angle θ must satisfy 3 × 

tanθ > tan ϕ in order for the element to roll without sliding. (In this experiment, θ = ~10°.) The condition 

to realize sliding without rolling occurs when θ = 0°.          
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Figure 8. Results of the rotate and slip simulation 
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Hence, these three types of movements can be observed under the following conditions: 

 Movement #1: rolling without sliding (3 × tanθ > tan ϕ) 

 Movement #2: rolling and sliding (0 < 3 × tanθ < tan ϕ) 

 Movement #3: sliding without rolling (θ = 0°) 

Figure 8 shows the results of movements #1 and #3 in the simulation. The x- and y-axes show time 

and the change in displacement, respectively. For each movement, the simulation results and theoretical 

solutions agree well. 

 

4. Verification of a numerical simulation involving the rolling resistance 

Using the same conditions as above (same as Fig. 7), whether the expected movements can be 

observed is verified given the friction angle between the elements and the rolling resistance coefficient 

(rolling friction angle). Table 3 shows the target phenomena and analysis parameters. Because the 

elements are in contact at 30°, both the angle between the elements and the angle of rolling must exceed 

30° similar to case 1 in Table 3 in order for the brown element to remain still. In case 2 in Table 3, the 

friction angle between the elements is less than 30°, while the rolling friction angle is less than 30° in case 

3.   

Figures 9 shows the simulation results. In case 1, the element does not move, whereas the element 

slides in cases 2 and 3. Hence, the numerical simulation experiments reproduce the expected phenomena.  

 

Table 3 Target phenomena and analytical parameters 

 Target phenomena Friction angle 
between the 

elements 

Rolling resistance 
coefficient (rolling 

friction angle) 

Case1 Remains still without sliding or rotating 31° 0.58(30.11°) 

Case2 Slides without rotating 29° 0.58(30.11°) 

Case3 Rotates without sliding 31° 0.56(29.25°) 
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Figure 9. simulation results 

 

VALIDATION 

 

1. Simulation object 

At the Nakadori area of Fukushima Prefecture, large-scale slope failures (Nakamura  et al., 2012) occurred 

during the 2011 Tohoku -Pacific Ocean Earthquake. From the acceleration records of the surroundings, 

the maximum acceleration is assumed to be about 300 gal. Figures 10 show the location of this area and 

collapsed slope site, respectively.  
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Figure 10. Collapsed slope site (views of the front, north, and south sides of Route 4) 

 

2. Simulation model 

As shown in Figure. 11, the balls are spaced 1.25 m apart in the xy-plane and at heights in the z- direction 

based on the numerical elevation model of the Geospatial Information Authority of Japan (GSI) for the 

part of the land surface other than the collapsed region. This is the same as the model for the slope and the 

floor in the simple model shown with the white balls in Figure. 11. The red balls (slip surface particles) 

indicate the slip surface where the shape is assumed to be a part of the spherical surface. To allow the soil 

above the slip surface to slip smoothly under its own weight, slip surface particles with 1.25-m diameters 

are spaced densely at regular intervals of the partical radius on the xy-plane. In this study, the shape of the 

slip surface is approximated as a circular arc in the two-dimensional model and the part of spherical 

surface in the three-dimensional model. In the future, it is necessary to verify the consistency with the 

actual slip situation. A group of blue balls (soil balls) indicates the collapsed area, including the ground 

surface before collapse. 

Figure 12 shows the cross section of the collapsed area. Regarding the position assumption of the slip 

plane, a general method is to use the circular slip method for stability analysis of the slope or FEM 

analysis. However, to quickly determine the slip plane, herein we assume that this slip plane passes 

through the positions of the bottom of the collapsed slope and the top of embanked slope surface (the 

shoulder of the former embanked surface). Based on this slip plane, the slip surface is assumed to be a 

spherical surface that contains as much of the old embankment as possible with a minimal dip in the 

foundation. In practice, how to determine the slip surface for a cross section of the mentioned damaged is 

unknown. 

Table 4 and 5 show the parameters for the balls and their contact for the basic case, respectively. 

Using these values, the restitution coefficients both between soil/soil balls (blue) and between soil/slip 

surface balls (red) are 0.48. This finding is consistent with the simulation result in Fig. 3. In other words, 

the collapsed soil is represented by an assembly of sample particles that are the same as those used in the 

experiment of Fig. 2 and with the same restitution coefficient. The restitutions between the collapsed soil 

and the ground surface, roads, etc. are considered small. Thus, the coefficient between the soil particles 

(blue) and the field particles (white) is set to 0.1. Meanwhile, the friction angle between soil (blue) and 

slip surface particles (red) is set to 0 to initiate the soil collapse by its own weight. 

 

      
Figure 11. Simulation model                            Figure 12. Cross section and slip line 

Base surfasce 

Old surface layer 

Artificially filled soil surface 

Collapsed soil surface 

Hypothetical sloped surface 



 

24th Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 

Division IX (include assigned division number from I to X) 

Table 4 Contact parameters between the balls 

 Particles of the ground model (blue) 

or Blue particle and sliding surface 

particle (red) 

Particle of the ground 

model (blue) and a field 

particle (white) 

Radial spring coefficient (m/N) 1.96×109 1.96×109 

Tangent spring coef. (m/N) 1.96×109 1.96×109 

Radial viscous damp. coef. (m/N/s) 1.19×106 3.09×106 

Tangent viscous damp. coef. (m/N/s) 1.19×106 3.09×106 

Friction angle (°) 30，0 30 

 

Table 5 Ball parameters 

Particle radius (m) 0.625 

Density (kg/m3) 3411.4 

 

3. Simulation results 

Figures 13 show the results of simulated slip shape where the actual collapsed soil surface is added for 

comparison. Since the area of the assumed slip surface in the simulation is larger than the actual slip 

surface, the deposited soil range is wider by about a factor of two. However, considering that the results 

are obtained based on a simple analytical model from the information of one geological section of the 

collapsed soil and a GSI numerical elevation as well as the determined property of the restitution 

coefficient between the collapsed soil and ground is 0.1, the results are useful. It should also be noted that 

the results provide a conservative estimated range of the deposited soil area. 

Many application problems contain less information (soil layers and properties, etc.) about the target 

site than the present study. Often crucial information about the positions of both the slip top and bottom 

are unknown prior to collapse. Consequently, an appropriate modeling method may be necessary for such 

cases. 

Thus, we simulated the results using the codes for two DEMs developed by J and I Company. 

Although the traveling distance of the collapsed soil is slightly larger using I Company’s code, the 

difference in the results seems insignificant. 

Despite the fact that both codes use the same analysis conditions, the results do not completely match. 

We believe that this difference is due to the calculation scheme (e.g., time integration), which differs 

between the two codes because the effect accumulates over the tens of thousands of calculation steps, 

especially for strong nonlinear problems with many bifurcation points. 

 

 
Figure 13. Collapsed slope shape calculated by the code of J and I Company (Red: Actual collapsed 

surface) 

 

PARAMETERS STUDY 

 

In the previous chapter, we applied the simple model to conservatively calculate the traveling distance of 

the collapsed soil. However, from the viewpoint of estimating the volume of collapsed soil, it may be 

I J 
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difficult to say this result is also on safe side. In this chapter, we carried out a parametric study focusing 

on the rolling resistance to control the amount of deposits. 

 

1.Results of collapsed slope analysis by a parameters study 

Figure 14 shows the analysis results for the mentioned collapsed slope using the rolling resistance 

coefficients in Table 3. The larger the rolling resistance coefficient, the smaller the outflow amount of soil 

becomes. A rolling resistance coefficient of 0.1 reproduces the actual damage where the collapsed soil 

almost did not arrive over Route 4. 

 

       
Rolling resistance 0.0              Rolling resistance 0.05           Rolling resistance 0.1 

Figure 14. Simulation results 

 

2.Evaluation of the amount of collapsed soil 

Since the actual amount of collapsed soil that needs to be removed from the road at each site is unknown, 

the evaluation method proposed here allows the volume to be calculated from each mesh after dividing 

the target area into meshes as shown in Figure 15. By supposing the angle of the slipped line in the cut 

section is 30°, the total collapsed volume as the sum calculated from each mesh is 14,225 m3. The 

simulation results of the amount of collapsed soil calculated from J Company’s code and I Company's 

code are similar. 

Table 5 shows the calculation results in the simulation where the maximum amount of collapsed soil 

is 26,009 m3 with a rolling resistance coefficient of 0.05 using J Company's code, but is 22,114 m3 with a 

rolling resistance coefficient of 0.0 using I Company's code. Although the trends differ between the two 

codes, they both produced maximum values that exceed the actual value in the collapsed site. A method 

to perform a parametric study within an appropriate range is realistic to obtain a maximum value because 

generally all information is unavailable for the target site (layers, properties, groundwater level, etc.) or 

cannot be obtained in case of an emergency. 

 

Table 5 Amount of soil to be removed (m3) 

Actual damage Rolling resistance 

coefficient 

0.0 0.05 0.10 

14,225 Company J 24,048 26,009 22,340 

 Company I 22,114 18,262 14,490 

 

   
Figure 15. Estimated amount of soil removed from the road in an actual disaster 

Cut surface 

Road location 
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CONCLUSION 

 

We verified and validated the proposed simple model. Additionally, we showed that using the maximum 

value from a parametric studying involving the rolling friction as an estimate to determine the amount of 

soil to be removed from the inner road after the collapse is suitable. The calculated values by two 

different simulation software programs were more conservative than the actual data. 

The value of the restitution coefficient between the particles is unclear in the analysis parameters. 

Nonetheless, we believe that the value range of the restitution coefficient between the particles is limited, 

and the maximum possible value of the coefficient can be used to correctly estimate the area via a 

parametric study. However, it is important to repeat the reconstruction analysis to improve reliability of 

the validation in the future. 
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