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A constitutive model for two-dimensional nonlinear 
time history response analysis was developed in 
order to evaluate the stability of rock slopes and 
the foundation of nuclear power plant during 
major earthquakes. The stress-strain relationship 
of this model was derived on the basis of a multi-
spring model in plane strain state, and the infl uence 

of shear and tensile failure was considered. A 
numerical simulation of the dynamic centrifugal 
model test of slope was conducted for verifi cation 
of the model. As a result, the timing of failure and 
residual displacements in the simulation were almost 
consistent with the model test (Fig. 1).

1 Development of nonlinear time history response analysis method for the 
seismic stability evaluation of ground

Assessment of Fragility of Nuclear Facilities due to 
External Natural Events

The Fukushima Daiichi nuclear disaster wrought 
severe damage on the reliability of nuclear safety 
and societal trust. Most nuclear power plants are 
currently shut down for these reasons. Since nuclear 
power would play an important role for realizing 

a low carbon society, we should avoid long term 
shutdown. In this project the safety assessment 
methodologies for nuclear power plants subjected 
to natural disaster are studied.

In order to assess the strength of rubble mound 
breakwaters in nuclear power plants against 
tsunamis, a stability evaluation method of armor 
units in the breakwaters has been investigated [1]. 
Model-scale experiments, in which masses of armor 
units and overfl ow velocities were varied, were 
carried out and damages of the armor units were 

observed. The experimental results showed that the 
stability conditions of armor units against tsunamis 
were judged by the relationship between the mass 
of armor units and the overfl ow velocity (Fig. 2). 
Furthermore, a numerical method for evaluation of 
the overfl ow velocity was developed, and validated 
by experimental data.

2 Stability evaluation methods of rubble mound breakwaters against tsunamis

In order to develop the fragility evaluation methods 
of structures and components against tsunamis, 
large scale experiments on tsunami-induced loads 
were carried out using the Large-scale Tsunami 
Physical Simulator. The experiments on tsunami 
wave pressures on a seawall and a square column 
showed large, yet short-duration, pressures on the 
structures immediately after tsunami tips impacted 

the structures, and we proposed an estimation 
method for the impact pressures (Fig. 3) [2]. In order 
to obtain a dataset for verifi cation and validation 
of the evaluation method of the tsunami-debris 
impact force, we carried out tsunami-debris impact 
experiments in which wood-logs and a real car were 
drifted in the tsunami inundation fl ow and impacted 
on a wall (Fig. 4) [3].

3 Development of evaluation methods of tsunami hydrodynamic force and 
debris impact force
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A numerical simulation of the dynamic centrifugal model 
test of slope was conducted for verifi cation of the nonlinear 
time history response analysis method. As a result, it was 
confi rmed that the simulation results were relatively 
consistent with the model tests.

Fig. 1: Numerical simulation of dynamic centrifugal model 
test of slope (upper part: distribution of strain, 
lower part: comparison with the experiment of 
response acceleration)

An evaluation method of vertical profi les of tsunami impact 
pressure, which occur just after a tsunami tip impacts a 
structure, was proposed.

Fig. 3: Evaluation of tsunami impact pressure

When the tsunami overfl ows a breakwater, a hydrodynamic 
load was applied to armor units of the breakwater. In 
the case that the hydrodynamic load is larger than the 
drag force of armor units, the armor units are drifted 
by the tsunami fl ow. The hydrodynamic load depends 
on the overfl ow velocity and the drag force depends 
on the mass of the armor unit. By carrying out model-
scale experiments, we clarifi ed the relationship between 
the mass of armor units and the overfl ow velocity in the 
stability condition (upper fi gure). The tsunami overfl ow 
was able to be numerically simulated well (lower fi gure). 

Fig. 2: Stability assessment of rubble mound breakwater

The graph shows the relationship between the debris (a 
real car) impact speed and force. The car was drifted in 
the tsunami bore. The graph shows that, in the velocity 
regime of tsunami inundation fl ow, the debris impact force 
linearly increases with the impact speed.

Fig. 4: Evaluation of tsunami-debris impact force

Distribution of maximum shear strain after excitation

Horizontal acceleration at the top of slope

Model test
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