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Abstract: Rockfall is one of a major natural hazard to a facility in mountainous terrain. It is difficult to predict the behavior
of rockfall deterministically if a sophisticated simulation method such as Distinct Element Method (DEM) is used because
the movement of rockfall is strongly affected by small irregularity of slope surface and shape of falling rock, and it is
impossible to model every detail of them. Simple point mass simulation method with random numbers is used for assessment
of rockfall hazard, which is the relation between collision velocity and exceedance of probability. It can be evaluated by
performing many runs of the point mass simulation like Monte Carlo simulation. The computation cost of the employed point
mass method is very small compared with that of DEM because it considers only bounce, ignoring rolling and slide of the
falling rock. The Simulation result of a rockfall experiment, which uses small model slope and small stones, shows very good
agreement with the experiment result in terms of the cumulative distribution of coordinate where falling rocks reach. Digital
elevation model data in Japan can be downloaded from Geospatial Information Authority of Japan. A three-dimensional
slope model is constructed based on the elevation data obtained from the web site. The initial location of falling rocks is
allocated to the slope surface depending on the slope angle of 5m x 5m mesh. rockfall hazard of assumed road segments
under the slope is assessed by the point mass method. This rockfall hazard information can be used for effective and feasible
planning of protection structures against rockfalls, such as netting, fences, or walls.

Keywords: Rockfall; point mass system; risk hazard; Monte Carlo Simulation.

1

Introduction

Rockfall is one of major natural hazard to a road in mountainous terrain. Safety of a road against rockfall is
regarded as an important item to assess. Safety of social infrastructure such as national road should not be
significantly impaired in the possible collapse of surrounding slopes. Countermeasures against rockfall are
carried out for the slope near the road as road disaster prevention in Japan (Japan Road Association 2017). Risk
level to a facility and/or road is usually assessed qualitatively in practice. Quantitative evaluation method of the
risk due to slope failure/rockfall is composed of three steps, 1) occurrence of slope failure or rockfall, 2)
assessment of hazard of falling rocks, 3) fragility assessment of a facility against the rock collision. This paper
discusses the step 2), i.e., the hazard of falling rocks, which indicates the relation between collision velocity and
exceedance of probability.
It is difficult to predict the behavior of rockfall deterministically if a sophisticated simulation method such
as Distinct Element Method (DEM) (Cundall et al. 1979) is used because the movement of rockfall is strongly
affected by small irregularity of slope surface and shape of falling rock, and it is impossible to model every
detail of them. Simple point mass simulation with random numbers is used for numerical simulation of rockfall.
The method considers only bounce, ignoring rolling and slide of the falling rock. Randomness is considered in
the normal vector of the slope surface in the method. A random vector is generated at every bounce and added to
the normal vector of slope surface so that the simulated bouncing direction of rockfall fluctuates at every bounce.
Calculation cost of the proposed method is much lower than that of DEM. The simulation result of a rockfall
experiment, which uses the small model slope and small stones, shows very good agreement with the experiment
result in terms of the cumulative distribution of coordinate where falling rocks reach (Yoshida 2018).
This study proposes a method for rockfall hazard assessment with the proposed simple point mass method.
A hazard curve with respect to collision velocity and exceedance of probability can be evaluated by performing
many runs of the point mass simulation like Monte Carlo Simulation. The hazard with respect to velocity is
called the rockfall hazard in this paper. The evaluated rockfall hazard can be used for effective and feasible
planning of protection structures against rockfalls, such as nettings, fences or walls. The rockfall hazard
assessment is demonstrated by the proposed method for a model site in mountainous terrain in Japan. Rockfall
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hazard is not enough to discuss the damage of facilities because the mass of rock is ignored. This problem is
referred to in the conclusion as a future study.
2

Outline of Random Point Mass Method

It is difficult to model every detailed roughness of slope and falling rocks. This study uses the point mass method
with random numbers to express the small roughness. The normal direction vector of the slope surface is defined
as rn0. In order to express the roughness, random vector rr is added to the normal vector rn0. The normal vector
for the rebounding of rocks is obtained by,

rn = rn0 + rr

(1)

The direction of the vector rr is determined based on independent uniform random numbers, and its magnitude is
determined by normal random number N(0, s r ). Namely the standard deviation s r controls the roughness of the
slope and falling rocks. In this study, this standard deviation is called the roughness parameter. Only when the
slope has no roughness and the falling rock is a true sphere, the roughness parameter is 0. In this case, falling
rocks have no randomness in the falling behavior.
Velocity vector v of a falling rock just before the collision to the slope is decomposed to the normal and
lateral component, vn, vl

v = vn + vl where,ġ vn = (v × rn )rn ,ġ vl = v - vn

(2)

Velocity vector v just after rebounding is expressed by,

v = -cn v n + cl vl

(3)

where cn is the restitution coefficient for the normal component, cl is the restitution coefficient for the lateral
component. The behaviour of rock in the air can be simply estimated by,

ut +Dt = ut + Dtvt +

1
(Dt )2 g , where, g is the acceleration of gravity, gT = (0, 0, - 9.8)
2

(4)

If the vertical coordinate calculated by Eq.(4) with time increment Dt1 is above the slope surface, time
increment Dt1 is increased to Dt2 until the vertical coordinate with time increment Dt2 is below the slope surface.
The exact time increment to next rebounding should be between Dt1 and Dt2. The exact time increment to the
next rebounding is calculated by the following bisection method.
1. Initial values of before the rebounding Dt1 and after rebounding Dt2.
2. Calculate vertical coordinate at Dtm = (Dt1 + Dt2)/2.
3. If the coordinate at Dtm is above the slope surface, then Dt1 =Dtm, otherwise Dt2 =Dtm.
4. If Dt2 - Dt1 is small enough, then stop, otherwise go to 2.
After the convergence of the bisection method, the time t is updated to t + Dtm.
3

Assessment of Rockfall Hazard for a Model Site

Figure 1 indicates the slope model at a model site. Digital elevation model data in Japan can be downloaded
from Geospatial Information Authority of Japan. A three-dimensional slope model along a road of the site with
1500m x 1500m is constructed using 90000 points of the digital elevation data. The initial location of falling
rocks is allocated to the slope surface depending on the slope angle calculated by 5m x 5m mesh. Rockfall
hazard to assumed road segments under the slope is assessed by using the point mass method. The road under the
slope is divided into ten segments, R1 to R10 with length 70 m. The initial location of falling rocks caused by an
earthquake and/or heavy rains should be presumed based on topography, geology and inspection data performed
by the local government. It, however, needs lots of effort to allocate the dangerous regions in a large area
considering above all information. It is reported that slopes of which angle is 45 degrees or more likely cause
rockfall (Guzzetti et al. 2003; Jaboyedoff et al. 2003). As a preliminary study, the initial location of falling rocks
is simply allocated depending on the slope angle as shown in Figure1. At first, we select slopes which may affect
the segment of road R1 to R10 under the slopes and then allocate falling rocks depending on the slope angle.
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Figure 1. Model slope and segments R1-10 for rockfall hazard assessment.㻌

The parameters of the simple point mass simulation were roughness parameter and restitution coefficients in
the lateral and normal direction. In the simulation, the roughness parameter is assumed to be 0.3, and the
restitution coefficient in the normal direction is 0.43. The restitution coefficient in the lateral direction is
assumed to be not deterministic but random with uniform distribution [0.85, 1.05]. They are determined to obtain
good agreement with experimental results of falling rocks (Yoshida et al. 2018). The input parameters are
summarized in Table 1. Figure 2 indicates the locations during falling and final locations of rocks by the point
mass simulation with 10,000 particles. Most rocks fall down along the slope topography and reach to the road.
Some rocks stop on the way, some rocks even do not move from the initial position as shown in Figure 2.
Table 1. Input parameters for case study
Roughness

0.3
Lateral

Restitution Coefficient

Normal

Uniform distribution[0.85, 1.05]
0.43
(Case Study, 0.1, 0.25)

The interactions among particles are not considered in the proposed method through DEM (Distinct Element
Method) can consider them. The energy loss due to the interaction is ignored in this method. This simplification
seems to give conservative estimation in terms of arrival location where the falling rocks reach and velocity
when falling rocks collide with something. Cumulative distribution of the normal velocity which is the normal
component of collision velocity when the falling rocks reach to the assumed road is calculated with 50,000
particles. The rockfall hazard curves which shows the relationship between the probability of exceedance and the
normal velocity for each segment are shown in Figure 3(1). The probability of exceedance corresponding to the
velocity 0, 10 and 15m/s of road segments R1-R10 are shown in Figure 3(2).
Large variations are observed among the probability of evaluated segments in Figure 3. Probability of
velocity 0 m/s in Figure 3(1) indicates the probability that a rock reaches the segment, i.e., probability of
collision or arrival. For example, the probability of 0 m/s of segment R4 is large, which means a high chance of
arrival of falling rocks to the segment. The probability of 10 m/s is almost the same as that of 0 m/s, which
means the most of rocks that reach the road have large velocity, i.e., large collision energy. R8, on the other hand,
there is a large difference between the probability of 0 m/s and 10 m/s, which means most of falling rocks which
reach the road have small velocity, i.e., the small impact of the collision. Three-dimensional topography of
mountain causes such difference of hazard.
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(1) Rockfall at 1.8 second

(3) Rockfall at 5.1 second

(2) Rockfall at 2.88 second

(4) Final distribution of falling rocks

Figure 2. Process of rockfall by Point Mass Simulation.

(1) Rockfall hazard curve

(2) Probability of exceedance at 0, 10 and 15m/s

Figure 3. Estimated probability of exceedance, restitution coefficients for normal component 0.43.㻌

4

Influence of Restitution Coefficients for Normal Component on the Estimated Hazard

Though most of the rocks reach the road segments in the simulation stated in Chap. 3, it is highly unlikely in a
rockfall in an actual slope. Many rocks should stop in the middle of falling. The parameters used in the study are
determined to reproduce the experimental results which use small slope model made by concrete and small
stones. The restitution coefficients seem to be overestimated for actual falling rocks because the slope surface of
the experiment is flat and hard compared with actual slope. As stated in Chap. 3, there are three types of input
parameters, roughness, and restitution coefficients for normal component and for the lateral component. The
restitution coefficients for normal component for various type of slope are investigated from the falling rock
experiment (Barret 1992), and the value of restitution coefficient for the normal component is reported to vary
depending on the rock mass, and roughly speaking the restitution coefficient for the normal component is around
0.25-0.4. In order to examine the influence of restitution coefficients for normal component, simulations with
coefficients 0.1, 0.25 in addition to 0.43 are performed. The input parameters for the case study are also
indicated in Table 1.
The calculated hazard curves are shown in Figure 4 and 5 in the same way. As shown in the figures, when
the restitution component for the normal coefficient is small, the number of rock which stop in the middle of the
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slope increases, and the rockfall hazard of each segment R1-R10 decreases. As expected, when the coefficient is
small, the probabilities become small generally. The general tendency is the same irrespective of the coefficient
but the difference among 0, 10, 15m/s becomes large in all segments. The difference between safe and dangerous
segment becomes clearer also, e.g., the decreases of the probability of segments R8, 9 due to the coefficient are
larger than those of the other segments.

(1) Rockfall hazard curve

(2) Probability of exceedance at 0, 10 and 15m/s

Figure 4. Estimated probability of exceedance, restitution coefficients for normal component 0.25.

㻌

(1) Rockfall hazard curve

(2) Probability of exceedance at 0, 10 and 15m/s

Figure 5. Estimated probability of exceedance, restitution coefficients for normal component 0.1.㻌

5

Conclusion

This study proposed a basic method for rockfall hazard assessment with the simple point mass method. After the
method to assess rockfall hazard, which is the relationship between the probability of exceedance and velocity of
falling rock, is outlined, the hazard curves for assumed road segments are evaluated.
More studies are required in order to apply this method to an actual assessment of rockfall hazard. It is not
enough to model the occurrence of falling rocks only by the slope angle. It is necessary to allocate the
occurrence of falling rocks reflecting inspection data and geology of the slope. Also, the restitution and
roughness parameters for actual slope should be studied intensively. Influence by vegetation and nonlinearity on
falling rock behavior (high energy loss) should be considered. We are planning a large scale experiment in an
actual slope to understand the behavior of falling rocks more deeply. In the proposed point mass method, a single
parameter for both slope surface and rock roughness is used. The validity of this model should be also examined
in the experiments. Hazard estimation as to velocity of falling rock is not enough to discuss the damage to a road
or protection facilities against rockfalls because it provides only probabilistic information of velocity ignoring its
mass. Hazard assessment with respect to energy, force or impulse of collision is necessary to evaluate the
damage of protection facilities. It should be one of the remaining future topics.
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