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ABSTRACT

Fukushima Daiichi nuclear power plant lost the external power source by collapse of the power
transmission steel tower which originated in the slope collapse by the 2011 off the Pacific coast of
Tohoku Earthquake. It is important to evaluate the influence of the slope collapse behavior on a facility in
a nuclear power plant, although emergency power was also lost and it resulted in the major accident by
tsunami, when performing the risk assessment of a nuclear power plant. As for the effect of slope, it is
also important to perform stability assessment of a slope. In order to evaluate not only the stability
assessment but also the collapse behavior, the seamless evaluation from the nonlinear behavior to the
collapse behavior is required. MPM is a kind of a particle method and is useful to evaluate the behavior
numerically. A series of shaking table tests for the slope models of various scales were carried out to
verify the usefulness, and comparison with the result was performed. As the simulations by MPM, a
extensive soil deformation based on the elasto-plastic constitutive law was considered. Here, the
super/subloading yield surface Cam-clay model (SYS Cam-clay model) was adopted. As a result, it is
found that the behaviors obtained numerically by the MPM are similar to the experimental behaviors.

INTRODUCTION

The standard about seismic probabilistic safety assessment was published by Atomic Energy Society of
Japan in 2007, and the revision was carried out in 2013. Based on the loss accident of the external power
source by collapse of the power transmission steel tower by slope failure of the embanked ground which
produced within the Fukushima Daiichi nuclear power plant by The 2011 off the Pacific coast of Tohoku
Earthquake, the view about the effect of ground such as a slope and a foundation on the nuclear power
plant was revised greatly. The effect of a slope failure on the facility has been estimated by considering a
possibility to cause a slope failure as a limit state of the safe side. As for the revision, the state that rock
mass reach at a facility after collapse occur was possible to be considered as some limit states. These limit
states will consider the ground behavior as either the structural damage or the functional damage, and will
be used to evaluate the damage probability of facilities either indirectly or directly. The revision
associated with the effect of slope failure was carried out based on the outcomes of experimental and
numerical studies.

In order to evaluate the influence of the slope collapse behavior on a facility in a nuclear power plant, it is
important to evaluate quantitatively the state of slope after failure such as a displacement of landslide
masses. To evaluate the state, an analytical method is needed that allows consideration of extensive soil
deformation with properties introduced from ground surveys such as triaxial compression tests using
actual slope samples. Strain softening in drained conditions also plays a significant role in the
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characteristics of landslides after slope failure, particularly in lower-strength layers. Toward the
establishment of such an analytical method, we carried out simulations of post-failure landslides in
shaking table tests using the material point method (MPM) (Sulsky et al., 1995). For this purpose, we
adopted the super/subloading yield surface Cam-clay model (SYS Cam-clay model) (Asaoka et al., 2000),
which can deal with the degradation processes that bring about changes in soil from a structured state to a
destructured state. To verify the applicability of the method, a series of shaking table tests carried out by
Nakamura et al. (2011) with many-scales slope models since small-scale models to large-scale models.
Among the models, the small-scale model revealed that the failure patterns of landslide masses varied
with the test model characteristics. In this report, first of all, outline of shaking table tests which are
chosen form the tests at the point of view of a failure mode are described. Then MPM adapts to compare
the experimental results with the numerical results. As the simulations by MPM, a extensive soil
deformation based on the elasto-plastic constitutive law was considered. Here, the super/subloading yield
surface Cam-clay model (SYS Cam-clay model) was adopted.

SHAKING TABLE TESTS
Test outline and models

The initial configurations of the test models are shown in Figure 1. And the representative parameters of
the shaking table test models, which were three-layer and two-layer types, are described in Table 1. The
models are referred to here as follows: Model 1: Three-layer model with a weak layer on a slope of 45
degrees and a height of approx. 1.0 m,Model 2: Three-layer model with a weak layer on a slope of 35
degrees and a height of approx. 1.0 m,Model 3: Three-layer model with a weak layer on a slope of 45
degrees and a height of approx. 2.0 m,Model 4: Two-layer model with a boundary on a slope of 35
degrees and a height of approx. 2.0 m
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Figure 1. Test models (initial configuration)
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Table 1. Representative parameters of the models used in the shaking table tests

Model no. | Gradient of weak layer (deg.) | Width of weak layer (mm) | Height (mm) Width (mm)
1 45 80.0 1,100 600
2 35 80.0 1,080 600
3 45 160.0 2,600 1,200
4 — — 2,120 1,200
Table 2. Soil properties of the test model layers
Density Peak s'tate _ Residgal state _
Layer (ke /m3) (Ck(;)h(;smn Eten;al friction angle (Ck(;)h(;smn Eten;al friction angle
a eg. a eg.
Surface layer | 3,000 107 0.0 34.4 28.4
Weak layer 1,767 2.9 39.5 1.7 36.3
Base layer 1,890 280.5 57.3 5.4 53.4
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Figure 2. Examples of waves input in the shaking table tests (left: sine wave; right: irregular wave)

The three-layer models were based on restricting the occurrence location of the slip line. The weak layer
is seemed to be similar with the layer which have a lower-strength cohesive sand layer that significantly
influences landslide characteristics at the post-slope-failure stage. The three-layer models were made with
heights of approximately 1.0 m and 2.0 m to allow investigation of how model size affects the
characteristics of landslides after slope failure occurs. We also used two types of input waves in the
shaking table tests — a 5-Hz sinusoidal wave with a wavenumber of 10 and an irregular wave (Figure 2)
to clarify how the input wave type influences these characteristics. The former wave type was used in the
tests with models 1 and 2, and the latter was used in that with Model 3. The soil properties of the three-
layer slope model as determined from triaxial compression testing are shown in Table 2. The base layer
was made of dense crushed stone stabilized with cement and reinforced using transverse anchors fixed to
the shaking table. The weak layer was made of siliceous sand mixed with bentonite (1% by weight), and
the surface layer was iron powder mixed with bentonite (10% by weight) to increase its self-weight. To
prevent sliding at the divisions between layers, the boundaries were bench-cut as shown in Figure 1.
Openings of 4.0 mm or 8.0 mm were also left between the slope models and the acrylic or glass sidewalls
of the shaking table to ensure that there were no frictional forces between the models and the walls. The
response of the models was investigated using accelerometers, displacement transducers and analysis of
images taken via a high-speed CCD camera with focus on the dynamic characteristics of landslides.

The two-layer model was based on the assumption that some rock slopes have a thick lower-strength
cohesive sand weather layer that significantly influences landslide characteristics at the post-slope-failure
stage. The weak layer was a lower-strength cohesive sand stratum identical to that of the three-layer
models. The gradient of the boundary between the weak layer and the base layer was 35 degrees, and the
boundary had a bench cut as with the three-layer types. A 5-Hz sinusoidal wave with a wave number of
10 was used as the input wave in the shaking table test. The response of the slope model was investigated
in the same way as for the three-layer models.
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The maximum amplitude of the input waves was increased with stepwise changes as shown in Table 3.
All models exhibited tension cracking at the top of the slope when the input wave amplitudes reached 400
gal for Model 1, 600 gal for Model 2, 200 gal for Model 3 and 450 gal for Model 4, and slope failure
subsequently occurred. Signs of tension cracking were seen at the top of the slope just before the final
step in models 1, 2 and 3, and no clear signs were observed in Model 4.

Table 3. Maximum amplitudes of waves input in stepwise changes

Model no. | Order of input wave maximum amplitudes (gal)

1 100 — 200 — 300 — 400

2 100 — 200 — 300 — 400 — 500 — 600

3 50 — 100 — 200 — 200

4 100 — 200 — 300 — 350 — 400 — 450 — 500 — 200 — 300 — 350 — 400 — 450

*Maximum amplitude of input wave under which slope failure occurred

Test results

The final configurations of the post-failure test models are shown in Figure 3. The failure type of each
was different: Slide-down was seen along the slip surface in the weak layer when the amplitude of the
input wave was 400 gal in Model 1 and 200 gal in Model 3 with a steep gradient of 45 degrees for the
weak layer, while progressive deformation was seen along the slip surface in the weak layer when the
input wave amplitude was 600 gal in Model 2 with a gentle gradient of 35 degrees for the weak layer. The
two-layer Model 4 exhibited catastrophic failure starting from collapse at the toe of the slope when the
input wave amplitude was 450 gal; the toe of the model’s weak layer failed in the initial failure stage, and
the model then exhibited progressive deformation and discontinuous collapse around the toe of the slope.

"~ (a) Model 1 " (b) Model 2 ~ (c) Model 3 (d) Model 4
Figure 3. Final configurations of the post-failure test models
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Figure 4. Time histories of displacement and acceleration at observation points
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Except Model 3, Figure 4 shows time histories of displacement at the observation points defined in
Figure 1 at the final step as slope failure occurred and in the penultimate step when signs of tension
cracking were seen at the top of Models 1 and 2. Data collected between the penultimate and final steps
were discarded because the slope models did not exhibit any particular behavior at this time. The behavior
of Model 4 at the penultimate step was also not investigated because the model did not show particular
signs of slope failure in contrast to the others. The time histories shown here were extracted from analysis
based on images captured by the high-speed CCD camera. For models 1, 2 and 3, the displacement time
histories are for the surface layer mass, while that for Model 4 is for the portion where collapse at the toe
of the weak layer occurred. It can be seen that these histories reflect the failure patterns described
previously.

SIMULATIONS USING THE MPM WITH THE SYS CAM-CLAY MODEL
Outline of the MPM with the SYS Cam-clay model

Outline of the MPM

A number of mesh-free methods have been proposed to overcome the difficulty to solve large
deformation problems in FEM, including the use of smoothed particle hydrodynamics (SPH) (Lucy,
1977; Gingold and Monaghan, 1977) and the MPM (Sulsky et al., 1995). The approach of MPM utilizes
Lagrangian particles that carry all physical parameters such as stress, density and history variables. The
particles move freely across boundaries of a stationary Eulerian computational background mesh that
covers their positions as shown in Figure 5. The method is computationally efficient because the
background mesh is used to solve the equation of motion in a manner similar to that of the conventional
FEM. The technique has also recently been applied to soil for cases of particular slope failure because
considerations ranging from elastic behavior to discontinuous collapse behavior of soil can be seamlessly
considered based on the elasto-plastic constitutive law.

The general MPM developed by Sulsky et al. (1995) involves explicit time-marching calculation. The
domain of the body analyzed in a two-dimensional plane strain condition is composed of the sub-domains
Q,,p=1,...,N,. Each sub-domain is associated with a reference particle, as defined by the position vector
X, =(x},y,), the mass m, and the volume V,. Superscript k denotes the evaluation at time #'. The
analytical flow of the adapted MPM used in this study was almost the same as that of the general MPM
developed by Sulsky et al.
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Figure 5. Schematic figures of the model and the analytical flow of the MPM

Outline of the SYS Cam-clay model

The SYS Cam-clay model was developed by Asaoka et al. (2000), and can describe the degradation
processes from both an overconsolidated state to a normally consolidated state and from a structured state
to a destructured state — processes that play an important role in the plastic deformation of soil. These are
described based on the superloading yield surface concept together with Hashiguchi’s subloading yield
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surface concept. In particular, it is considered that the degradation processes leading from a structured
state to a destructured state described by the superloading yield surface will affect the dynamic
characteristics of post-slope-failure landslides because the technique allows the representation of strain
softening in soil under drained conditions.

Figure 6 shows the results of investigation to determine the stress-strain characteristics of a material
specimen in a weak layer under triaxial compression testing using the SYS Cam-clay model with the
parameters shown in Table 4. This indicates that the model can be used to describe the stress-strain
characteristics of a material in a weak layer with a high level of accuracy. To produce the most accurate
cyclic triaxial test results possible, we increased the compression index A and the swelling index x in
accordance with cumulative shearing strain as proposed by Uzuoka (2000).
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Figure 6. Results of investigation to determine the stress-strain characteristics of weak-layer material

Table 4. Parameters of the SYS Cam-clay model

Compression index 0.01 —0.15 Degradation parameter of structure 0.01
Swelling index 0.001 — 0.14 | Degradation parameter of overconsolidated state 0.001
Critical state constant 1.37 Evolution index of rotational hardening 5.0
Poisson’s ratio 0.214 Limit of rotational hardening 1.35
Degree of anisotropy 0.75 Specific volume at g =0 and p ’=98.1 kPaon NCL N | 2.085
Degree of structure 33 Overconsolidation ratio 33

Simulation models and results

Simulation models and parameters

Figure 7 shows schematic representations of the simulation models in their initial states. The SYS Cam-
clay model was used for the weak layer of the models, while the perfect elasto-plastic Drucker-Prager
model (Drucker and Prager, 1952) and the elasticity model with the constitutive law were used for the
surface and base layers, respectively. The parameters were determined based on the results of triaxial
compression testing on samples from these layers as shown in Table 4.
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(a) Model 1 (b) Model 2 (c) Model 3 (d) Model 4
Figure 7. Schematic representations of the simulation models in their initial states



23" Conference on Structural Mechanics in Reactor Technology
Manchester, United Kingdom - August 10-14, 2015
Division IX (include assigned division number from I to X)

Simulation results

The processes of slope model deterioration in the simulation along with the final configurations of the
models in the experiments are shown in Figure 8. The contours in the figures represent the magnitude of
the maximum shear strain in the slopes. The final configurations are largely consistent with those of the
experiment, with large maximum shear strain in the weak layer of the slope models. This indicates that
the simulation is appropriate for describing the final slope configuration, although conservative FEM
cannot deal with large instances of deformation such as discontinuous collapse. The figures also indicate
that the simulation results describe the trend of the outcomes from the shaking table tests on the slope
models, i.e., slide-down along the slip surface in the weak layer as seen in Model 1 and Model 3,
progressive deformation of the surface layer as seen in Model 2, and discontinuous collapse behavior at
the toe of the slope as seen in Model 4. Specifically, the simulation results for Model 1 and Model 3 show
rapid development of surface slippage in the weak layer and then rapid slide-down along this surface,
while those for Model 2 show progressive deformation of the surface layer together with development of
surface slippage in the weak layer. Model 4 also shows the development of shear strain at the toe of the
model and the subsequent occurrence of discontinuous collapse around the toe. However, the simulation
models do not describe the final configurations due to traces of tension cracking at the top of the weak
layer in models 1, 2 and 3. The scale of plastic deformation at the top and discontinuous collapse at the
toe of Model 4 is larger than those seen in the experiments. This is thought to be due to a lack of
consideration for cohesive strength in zones of low confining pressure and tension. Model 4 was also
affected by the 500-gal input wave before the final step. This influence should be investigated in future
work.
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Figure 8. Slope model deformation processes in the simulation (contours: maximum shear strain)
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The results of simulation for the time histories of displacement at the observation points on the slope
models in Figure 7 are shown in Figure 9 except Model 3. The histories for all models except Model 4
are for the surface layer, and that of Model 4 is for the toe of the slope where catastrophic failure occurred.
The outcomes of image analysis in the shaking table tests are also given for these observation points, and
comparison with the simulation results was carried out. For Model 1, the start time of displacement in the
simulation is largely consistent with that in the experiment, but the rate of change for displacement in the
simulation is different. For Model 2, the start time of displacement is different, but the rate of change in
displacement is largely consistent with that in the experiment. For Model 4, both the start time and the
rate of change of displacement in the simulation are largely consistent with those in the experiment within
the range captured via image analysis. This is considered to stem from the simulation’s lack of
consideration for treatment of the influences of irregular input waves on the dynamic characteristics of
landslides.

The results of simulation for the time histories of lateral acceleration at the observation points of the slope
models (except Models 3 and 4) in Figure 7 are also shown in Figure 9. The acceleration observed at
accelerometers installed near the observation points are also shown to compare with the simulation
results . In the experiments, acceleration in the mass of the surface layer was found to be almost constant
with movement under progressive deformation, but approached zero when rapid slide-down occurred.
The simulation results show the trend observed in the experiment on Model 1, but it is less clear than that
seen in the experimental results as for other models. This is considered to stem from the numerical noise
of the MPM in regard to acceleration and a lack of description for post-slope-failure landslide
characteristics, which influenced the accuracy of the simulation results.
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Figure 9. Time histories of landslide mass displacement and lateral acceleration at the observation points of the
slope models in the simulation
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4. CONCLUSIONS

This paper describes the comparison of the results of shaking table tests with the simulation using the

MPM with the SYS Cam-clay model for slope failure due to the earthquake in order to verify the

applicability of MPM for evaluating the effect of the slope failure on NPP. The outcomes can be

summarized as follows:

1) The modes of slope failures depended on the gradient of the slip surface in the weak layer, and failure
generated in the slope model without a surface layer tended to start from collapse at the toe of the slope.

2) Based on the observed acceleration time histories, it is found that acceleration of the surface layer mass
in the direction of slope surface is almost close to zero when it moves under progressive deformation,
but the acceleration is nearly zero when the mass slides down rapidly.

3) The simulation results appropriately described the trend of the outcomes from the shaking table tests on
progressive deformation as well as slide-down and discontinuous collapse behavior. This indicates that
MPM is useful to estimate the characteristics of the collapse behavior and the large displacement
regardless of the slope failure mode.

4) Regarding the detail response characteristics of the collapse behavior in some models, not only the
occurrence time of the residual displacement but also the horizontal acceleration did not have enough
accuracy in comparison with the experimental results. These needs to be improved in future work.
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