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In order to prevent urban disaster, it is very important to simulate the actual dynamic behavior of building structure suffer-

ing big earthquake. For this aim, usually, buildings are considered as simple model in which mass and springs are connected

in series. However, these simple models are not enough to evaluate actual behavior of buildings on earthquake. In this report,

more accurate models are used for FEM analysis of RC buildings. Concrete and steel bar are modeled by cubic solid elements

and by beam elements. Standard mesh sizes of those elements are 10 cm. In this simulation, concrete piles and surrounding

ground are modeled by similar way.

Keywords: Multi-scale Analysis, FEM, reinforced concrete, soil-structure interaction

1. Introduction
Until 1980's, reinforced concrete structures were not

applied for high rise buildings (taller than about 20 stories

buildings). Most of them were designed as steel structures.

But by virtue of the recent development of high strength

cement, many high rise buildings have been constructing as

reinforced concrete structure. However, those buildings have

not experienced the big earthquake. 

Therefore, it is very important to predict the actual

dynamic behaviors of those buildings by numerical simula-

tions. Usually, numerical simulations are executed by simple

models. Typical frame models for static simulation are com-

posed by 'linear elements'. One beam or one column is repre-

sented by one linear element. For dynamic simulations,

'mass and spring' models are used. (Shown as Fig. 1) One

mass represents total mass of one floor. However, these sim-

ple models are not enough to explain the actual behavior of

buildings on earthquake shown as Photo.1 or Photo.2.

In this report, more accurate models are used for FEM

analysis. 

Many civil engineers wanted to know the real behaviors

of structures by using these accurate models. However, in

this case the total number of variables (such as displacement

of nodal points) will be larger than 10 millions. This number

is out of scale for usual computers. So, until now, these

desires were remain as only a dream. 

Photo 1  Kobe earthquake (1995). Photo 2  Chi-chi earthquake (1999).
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Fig. 1  Conceptual image of analysis model.

Fig. 2  Remote Use of Earth Simulator of JAMSTEC.

2. Remote use of Earth Simulator
In this report, numerical simulations were executed by

using ES (Earth Simulator) of JAMSTEC (Japan Agency for

Marine-Earth Science and Technology). The executing flow

is shown as Fig. 2.

In order to use ES, high level of vectorizing and paral-

lelizing were required from JAMSTEC. The finite element

code of 'LS-DYNA', which is applied in this project, cleared

well against this barrier. The original LS-DYNA was devel-

oped at Lawrence Livermore National Laboratory with pre-

suming to use vector array processors named GRAY. 

3. Material property
Cubic solid elements (10 cm × 10 cm × 10 cm) are used for

concrete material. (Shown as Fig. 3)

General stress-strength relation of concrete under com-

pression is expressed in Fig. 5(a). This curve is valid only

for the case of 'uni-axial loading'. In other words, no con-

strains are given at side surface like as cylinder tests of plain

concrete. However, actual concrete beams and columns is

constrained or confined by steel bars. (Shown as Fig. 4)

Concrete behave, depending on intensity of confined

compression, as plastic hardening or softening material

shown as Fig. 5(b). Therefore 'PSEUDO_TENSOR

model'[1], which is prepared in LS-DYNA is used for con-

crete model. This model is considered these three dimen-

sional effects[2, 3]. 

Fig. 3  Mesh division of concrete.

Fig. 4  Confined beam by steel bars.
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Fig. 5  Stress strain curve of concrete material.

One-dimensional elements are used for steel bar. The

stress strain curve is assumed as bi-linear type. the surround-

ing soil and the foundation including piles are modeled with

elastic material.

4. Connecting steel bar with concrete
Mesh generating procedures are the most tedious works in

the finite element method. And it may be the best way that the

concrete element and the steel bar element can transfer their

nodal forces at 'common nodal points'. However, it is not prac-

tical. How can we adjust the mesh size of concrete element to

steel bar element which are so complicated like as Fig. 4? We

need more elegant and automatic mesh generating way. 

In this report, a conventional joining technique of follow-

ing way is adopted. 

<Simple joining technique>

Step-1: Mesh generation for both concrete element (solid

model) and steel bar element (beam model).

Step-2: Find out 'nearest surface' of solid model for all

nodal points of beam model.

Step-3: Connecting them with virtual beam like as shown

in Fig. 6. 

In this way, no adjusting treatments are needed in mesh

generating procedure. But, if the length of the virtual beam

is longer than solid scale (10 cm), proper changes of local

mesh are needed.   

5. Boundary Conditions of Soil and Structure
An image of full scale model is shown as Fig. 7. The

outer surfaces of soil are assigned as no reflection bound-

aries against wave propagation. The boundaries between

concrete piles and its surrounded soil are assigned as contact

surfaces which allow slide and separation.     

Fig. 7  Full scale model and boundary condition.

Fig. 6  Joining technique of concrete and steel bar.
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6. Configuration of upper structure
The outline of upper structure is shown as Fig. 8. It is

three spans in the plan, and twelve floors in the elevation.

All beams and columns are modeled as like as Fig. 3 and

Fig. 4. Concrete slabs are modeled as homogeneous materi-

als which have equivalent stiffness. 

7. Pre-examination
Before earthquake response analysis, following three tests

were executed.

Test-1: Comparison of simulated results and experimental

results in case of simple beam. (Fig. 9)

Test-2: Two systems were simulated to know the effect of

attenuation in free vibration caused by soil-struc-

ture interactions. (Fig.10) Those systems are a

mass-spring-damper system, and an integrated

mass-spring-damper system including three-

dimensional soil model. 

Test-3: Comparison of axial stress of column for two

cases about joinning methods. 1) using the com-

mon node of concrete and steel bar. 2) Using vir-

tual bar for connecting concrete and steel bar.

(Fig.11)

As can be seen in Fig. 9-(a), the load-displacement curves

of experimental result show good accordance with calculated

curve. From these results, 'PSEUDO_TENSOR model' that

is used for concrete is an adequate model.  In Fig.10 the case

of (One mass-spring-damper+3D soil), the amplitude of

vibration are decreasing rapidly. This means the vibration

energy of the upper structure is dispersed to the ground.

Fig. 8  Outline of upper structure.

Fig. 9  Test-1 (Simple beam test). Fig.11  Test-3 (Axial load for column).

Fig.10  Test-2 (free vibration).
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8. Numerical simulation of upper structure and whole
structure
Two cases were simulated. 

Case-1: Only upper structure 

Case-2: Whole structure including the upper structure,

foundation, piles and surrounding soil. 

In the Case-1, the acceleration of JMA-Kobe (NS) that

was recorded at 1995 was used as input data. Those data

were given at the bottom points of column of the first floor.

In the Case-2, an inputted underground wave was calcu-

lated from the JMA-Kobe (NS) wave by the one-dimension-

al fluctuation propagation theory. 

These calculated data was given to the bottom nodes of

the ground.

8.1 Stress and strain distribution for Case-1

Mises equivalent stress distributions and residual plastic

strain distributions are shown in Fig.12 and Fig.13, respec-

tively. 

In Fig.12, the Mises equivalent stress grows larger in

lower stories. 

Obviously, this result may be caused by the gravity of the

structure. And, the residual plastic strain can be observed at

joining parts of beams and columns.

8.2 Stress distribution for Case-2

The Mises equivalent stress distribution in Case-2 is

shown as Fig.14. In this figure, all mesh lines of surrounding

soil is neglected. 

Fig.12  Mises equivalent stress distribution.

Fig.13  Residual strain distribution.
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The simulated time duration is stop at 0.4 second by the

limitation of usable CPU time. 

9. Conclutions
1) 'Remote using system' has developed. We can use Earth

Simulator at Osaka University as if we are in the next room

in ES center.

2) Validity of joining techniques of inserting virtual bar was

examined, and it was proved that the method is very practi-

cal to generate mesh data.  

3) Soil-structure interactions were checked by free vibration

of two different models. One is the whole structural model

including soil and foundation. Another is upper structure

only which is fixed on rigid plate. As the results, the domi-

nant natural period became longer, and amplitude of free

vibration decreased rapidly. These results sustain the mod-

elization. 

4) Earthquake response analysis was carried out both for the

upper structure and the whole structure. 'JMA-Kobe' wave

was used as an input excitation. Stable results were gained.

These results seem to be correct from the overall viewpoint. 

However, in order to discuss detail, this research should

be developed further in the next fiscal year. We have to

establish large scale simulation system of tall buildings

before big earthquake attack on metropolitan in Japan. 
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