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Abstract

In 2011, Tohoku-Kanto earthquake tsunami caused serious damage on the infrastructures. Soil
scour and erosion behind the seawall had occurred during the overflow, and it may become one of
the main reasons for the collapse of seawall. Fluid-Structure-Soil coupling simulation is desired for
a systematic comprehension of seawall collapse mechanism, and it may help to develop next
disaster prevention method. In this study, a new numerical simulation tool for the Fluid-Soil
interactions problem is developed as a fundamental study related to the soil sour and erosion.

SPH Method has been selected as a basic numerical simulation method for Fluid-Soil interactions.
In this research, soil is modeled by a Bingham flow model which is one of the Non-Newtonian
fluids, and the Mohr-Coulomb criterion is utilized in the plastic yield judgment.

Finally, efficiency and adequacy of the proposed simulation technique has been validated through
an application to one of experimental test.
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Introduction

The interaction between water, soil and structures causes various problems to different areas of
marine, geomechanics and hydraulic engineering. As an example of these problems, Tohoku-Kanto
earthquake tsunami in 2011 is impressive incident. This tsunami hit the bridges and flowed away.
On the other hand, tsunami overflowed seawalls and scoured behind the seawall. Soil scour and
erosion may become one of the main reasons for the collapse of seawall.

Under these circumstances, Fluid-Structure-Soil coupling numerical simulation is desired for a
systematic comprehension of multi-physics problems such as seawall collapse mechanism, and it
may help to develop next disaster prevention method. There are some traditional numerical methods
for deformation and failure of geomaterials in the framework of continuum mechanics, such as
finite element method (FEM), finite difference method (FDM), and boundary element method
(BEM). These methods have been successfully implemented. On the other hand, in the case of large
deformation problems, several numerical methods have been introduced. SPH method and other
Particle method have been developed for solving large deformation, crack propagation and post
flow failure phenomenon of soil. In this study, focusing on the Fluid-Soil interaction, soil scouring
simulation was carried out by using SPH method.

In the water-soil problem, many researchers have been proposed various soil models from
different perspective. In this study, the fluid is modeled as a Newtonian fluid, and the soil model
considers the granular material as a fluid with a variable viscosity, where a Bingham type
constitutive model is proposed based on the Mohr-Coulomb yield-stress criterion.

Finally, efficiency and adequacy of the proposed simulation technique has been validated through
an application to one of experimental test done by Yamamoto. These numerical results show a
reasonable soil erosion behavior.



Smoothed particle hydrodynamics (SPH) formulation

In this paper, smoothed particle hydrodynamics (SPH) method™? was adopted. A basic concept in
SPH method is that any function ¢ attached to particle “i”” at a position r, is written as a summation

of contributions from neighbor particles
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Note that, the triangle bracket <¢i> means SPH approximation of a function¢ . The divergence of a
vector function can be assumed by using the above defined SPH approximation as follows
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and the expression for the gradient can be represented by
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In this study, Incompressible SPH (ISPH) method® developed in the incompressible fluid analysis
was adopted. In this method, the pressure is calculated implicitly and the velocity is calculated
explicitly.

The Governing equation

In natural phenomenon, there is regularity and it is organized as continuum mechanics or
discontinuity mechanics. Here, fluid and soil are written as the following equation by using
Lagrange description.
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In the case of solid mechanics, total stress tensor & is evaluated following equation.
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On the other hand, in the case of viscous fluid, total stress tensor ¢ is evaluated following
equation.
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Here, z; is shear stress tensor. In the continuum mechanics, the difference between solid and fluid
is only way to evaluate the total stress tensor.
Modeling of fluid

Fluid is generally modeled as Newtonian fluid. This fluid has a feature that shear stress and strain
rate are linear relationship, and described below equation.
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Where, u* is the effective dynamic viscosity and composed from a viscosity x and an eddy
viscosity s as.
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Substituting Eq.(6) and Eq.(7) to Eq.(4), Navier-Stokes equation can be derived.
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In addition to the above equation, law of conservation of mass equation was also used as
governing equation.
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Modeling of soil

At the field of soil mechanics, behavior of various type of soil is very complicated and its organized
constitutive law is difficult to be derived. In the present circumstances, it is modeled in accordance
with each types and phenomenon. In general, soil is modeled as solid and nonlinear elastic-plastic
material. However, in this study, soil was modeled as Bingham fluid®® which is one of Non-
Newtonian fluid because of expressing flow failure of ground. Bingham fluid has shear strength and
can be written as following equation
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Here, 7, is yield shear stress and w2 is viscosity after yield. Note, a Bingham fluid has behavior

such as a rigid body and dose not deform but when the shear stress surpasses the yield stress, flow
failure occurs resulting in large deformations. The Mohr-Coulomb criterion is introduced for the
yield shear strength in the Bingham model for a given soil as

7, =C+ Ptan (12)
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Where, c is the cohesion, and ¢ is the internal friction angle. Then, the soil viscosity should be
expressed in Bingham model® as
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Here, drawing the graph of above Eq.(12), relationship = and y is expressed as
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Figurel. Relationship = and y
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Numerical validation test

In the following section, the numerical examples have been conducted to validate the current
scheme. The hydraulic experiment” done by Yamamoto was adopted. Fig.2. presents the schematic
diagram for the experiment. This experiment is return flow scouring experiment and its scale is
showing below. As for soil parameters, the density ratio between soil density p, and water density

p,, is taken as p, / p,, =1.6. The soil viscosity after yield is set to . =5Pas. The internal angle
and cohesion are taken as ¢ =3° and ¢ = 30kPa.
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Figure2. Initial schematic diagram for hydraulic experiment

Here, gradient of sandy beach and slope is one-fifteenth, and there is a seawall at the front of sandy
beach. There is a velocity meter away from the seawall by 6cm. Arrows in left side and right side
are respectively water supply pipe and drainage pipe, and tank in right hand side is rectification tank.
From above diagram, making a particle model as

Figure3. Complete view of the particle model

Tablel. Analysis option

Initial particle distance Total particles | Time step | Real time Analysis time

2cm 1371475 0.001s 25s 24h(160desx16cores)

Tablel shows the analysis parameters. This numerical experiment was carried out by using super
computer in Kyushu University, Fujitsu PRIMERGY CX400. Under these conditions, numerical
experiment was carried out. It is shown that analysis result on the next page.



FEne T A - o
4 - ¥ G ; ;-1 ko
$33 - e
¥ :
HE IR e
FE N ]
i)
TN YYYYIIFY g 'E}

Figure4. Comparison between experiment and analysis result

Fig.4. shows the analysis result compared to experimental result. Left hand side pictures are before
and after scouring snap shot of hydraulic experiment and right hand side pictures are those of
numerical experiment. In the right hand side pictures, the soil particles are transported by the flow.
From these pictures, the predicted express soil erosion and scouring behaviors shows a good
agreement with the hydraulic experiment test. However, the shape of soil erosion is slightly
different. As for the reason, various factors are taken into account. One of them is not considering
permeability of soil.

Conclusions

In this study, an improved ISPH algorithm has been used to simulate water and soil interactions. All
of them are modeled by SPH method. The fluid is modeled as a Newtonian fluid, and the soil is
modeled as a Bingham model. In this approach, the soil model considers the granular materials as a
fluid, where a Bingham type constitutive model is proposed based on Mohr-Coulomb vyield-stress
criterion, and the viscosity is derived from the cohesion and friction angle. And in order to validate
above scheme and modeling, numerical experiment was carried out. Through this experiment, it
was confirmed that ISPH method and modeling soil as a Bingham flow can express soil erosion and
scouring. However, its analysis result is good from qualitative perspective, but not so good from
quantitative one.

Finally, as a future work, obtaining validated result from quantitative perspective is our goal, in
order to achieve this goal, considering permeability of soil is important.
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