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Summary

This dissertation is a fundamental study on the development of the high seismic performance

concrete structures with the object-oriented structural analysis system and their applications.

Firstly, the object-oriented structural analysis system is developed. The system is divided

into three subsystems (Structure, Load and ResponseAnalysis). Each subsystem can be used

alone for the specific analytical use. And the seismic analysis can be carried out by collabo

rating with the subsystems. The subsystems are implemented into the class libraries in C++,

but the main analysis system itself is a program code. As we placed objects in the code and

define the relationship between the objects, various kind ofanalytical program can be made.

Since the subsystems have also the rich extendibility,.the object-oriented structural analysis

system can support the development of new structures efficiently.

Secondly, the seismic behavior ofRC tall piers with hollow section is investigated by the

cyclic loading and hybrid earthquake loading tests. Results show that the shear component

in the whole deformation cannot be neglected, but the seismic response is stable under the

severe earthquakes if the bottom is filled and the shear reinforcement is arranged well.

Thirdly, the Unbonded Bar Reinforced Concrete (UBRC) structures is developed and

proposed as the high seismic performance structure. As the results of the tests, the installed

unbonded bars can add the stable positive post-yield stiffness to the load-displacement hys

teresis loop and it provides the high seismic performance to the RC piers with easy construc

tion and low cost. There are four methods to change the characteristics ofUBRC structures.

By the combination of the methods, many kinds of skeleton curves can be obtained. Ap

plying the UBRC structure to railway and highway structures, the rational two-level seismic

design method and the seismic response behavior are investigated. The effect of the rational

design can contribute the reduction of the longitudinal reinforcement of the railway struc

tures. The residual deformation of the UBRC structures after earthquakes becomes small by

the combination of the small deformation and the effect of elastic members.

Finally, through the verification and the development of the concrete structure, the effect

of the object-oriented analysis system is studied. As the results, the inheritance and the

polymorphism mechanism of the object-oriented system are very effective for the addition

of new ideas into the existing program code, and it helps us to develop the high performance

structures rapidly.
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Chapter 1

Introduction

1.1 General Remarks

Hyogo-ken Nanbu Earthquake attacked Japan on January 15, 1995. It caused severe damage

to civil infrastructures, including the lifeline such as highway and railWay transportation

systems. Our stmctural engineers were especially shocked at the severe collapse ofthe Route

3 of the Hanshin Expressway. To avoid such a tenible collapse again, many researches on

the high seismic performance stmcture have been made.

   'In general, the behavior of the newly developed high performance stmcture is compli-

cated compared with conventional structures. Therefore it is indispensable for the develop-

ment to be supported by not only the experiments but also the numerical analysis. Recently

the structural analysis software packages can examine the complicated behavior ofstructures

because of the advance of the knowledge and the technique of the stmctural analysis field.

On the other hand, the addition of functions to a system inevitably results in increased com-

plexity. Namely it is very diMcult to understand the internal code of the program. In the

development of a new stmcture, it is necessary to try a new function or a new idea in the

program code repeatedly. Therefore for the rapid development, it is important to develop

the stmctural analysis system, which is easy to use, easy to understand the inside and easy

to upgrade the function. And for the purpose, the object-oriented technique seems to be

suitable.

   Combined methodology based on expriments and analysis, the high seismic perfomiance

stmctures are developed to ensure the safty oftransportational facilities.

1



2 Chapter1. introduction

1.2 State of the Arts on Object-Oriented Approach

1.2.1 ProgrammingLanguages

FORTRANi) is one of the first developed high-level programming languages. Since FOR-

TRAN can describe programs in the form which is similar to mathematical expression, it is

widely used in the engineering field. And even in the 21st century, it is still the mainstream

programming language in the stmctural analysis field. Though FORTRAN had no object-

oriented concept, such as the encapsulation, the concept of the modularization is adopted

in FORTRAN90, and it is possible to express objects in programs. Some researchers try to

apply the object-oriented concept using FORTRAN901952• 3).

   Simula4), which was developed in 1968, has the concept of class which consists of data

and algorithms. Inherited Simula, Smalltalk5) was developed in 1972. This has the basic

concept of an object-oriented programming such as object, class, method and inheritance. In

the early object-oriented applications to structural analysis, Smalltalk has been used6•7).

   C++ language8•9) was developed in 1983. It is the language which expanded C language

with classes. Nowadays, there are many object-oriented language (Objective-CiO), Eiffelii),

CLOSi2), Java etc.), but C++ is excellent in portability and calculation eMciency, C++ lan-

guage becomes the mainstream object-oriented prograrmning language at present.

1.2.2 TheObject-OrientedMethodology/Notation

The object-oriented concept has been developed as one of the techniques of the program-

ming. Since the concept is known to be usefu1 not only the programming but also the anal-

ysis, the object-oriented methodology, including analysis, design and implementation, has

been developed.

   The ShlaerlMellor methodi3) is one of the first proposed object-oriented methodology.

This methodology uses various documents in the design phase, e.g. cormnumcation, ac-

cess, domain, subsystem models, etc. in addition to the object model. In the beginning of

1990's, many methodologies were proposed (CoadlYourdon method i4, i5), Booch methodi6),

OMTi7), OOSE methodi8), Fusion methodsi9), MartinlOdell methods20), etc.). In 1994, OMT

and Booch method were integrated, the work ofUML (Unified Modeling Language) started.

UML is a new notation method in modeling in the object-oriented methodology. By OMG

(Object Management Group), which is the standardization group ofthe object-oriented tech-

nology, UML was approved as an object-oriented modeling language standard. In October

1999, UML 1.32i-23) is formally approved.
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1.2.3 Application to the Structure Analysis Field

Analytical systems being complicated, the management ofthe systems, i.e. the maintenance

and the reuse, becomes very diMcult. In order to avoid this software crisis, the importance of

abstracting data and algorithm is indicated. In early 1990's, Fenves6), Millee4), Baugh and

Rehak25) are among those who emphasized the importance of the abstraction and advocated

that the object orientation was usefu1 in software development of the engineering field. The

remaining part of this section will be devoted to survey some topics applied the object-

oriented technology.

- Finite Element Method

The object-oriented application began from the linear and static finite element method. In

1990, Forde et al.26) extracted class Node, Material, Element, etc. from the linear analysis

of a plane element, and the system was modeled by the graphical expression27). In Japan,

Miki et al. also studied the introduction ofthe object-oriented technology oftruss and beam

structures in 199128•29). Zimmermann and Pelerin7) extracted objects in the finite element

method, and coded analytical programs by Smalltalk and C++. They expanded it to dynamic

problems, and showed that the theory ofthe finite element method can be expressed in almost

same way in the program code3e).

   By the object-oriented technique, it is easy to express structural shapes in the program

code. From the beginning of the object-oriented applications, the main interest is to model

the static srmcture of objects in the program as well as our images. As the object-oriented

methodology is being established, the dynamic behaviors are also focused. in terms of solv-

ing finite element matrices, several methods are proposed. One is to prepare the individual

solver object (Forde et al.26), Zimmermann et al.7), Pidapaiti et al.3i), Pelerin et al.32), etc.). It

controls all other ,Finite Element objects and Load objects, and search the solution. Since a

knowledge about solution methods is separated from Finite Element objects, this method can '

construct the simple Structure model. Another is a method for burying the solution method

in the Structure object itself(Mackie33), Ishida et al.34'35), etc.). This method makes the main

program code simple, because there are only Finite Element objects in the code. Recentrly,

it is emphasized that each task is separated to the individual object for constmcting flexible

systems36-38).

- Constitutive Law

The material constitutive law makes the main role in the nonlinear problem. Menetrey39)

modeled the J2 plastic material by the object-oriented concept. Foerch et al.40) carried out the
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detailed modeling. They separated a Material object into the interface part and the behavior

part. According this modeling, it is possible that it completely does not affect the Finite

Element objects when new material behaviors would be added.

- Matrix, Tensor

The matrix operation is indispensable for the calculation in the structural analysis and it

has been indicated that it is advantageous that the matrix is modeled as an object. Though

many routines were being made in the FORTRAN, they needs many arguments in the usage,

and they cannot be used in the different situation. Lu et al.4i) made the matrix library in

the structural analysis, and the development of the library is used by the Booch method.

And the tensor object was also modeled by Jeremi6 et al.42). Using the Tensor objects, the

mathematical expression can be realized in program code effectively.

- Computational Algorithm

Recently algorittms ofthe nonlinear calculation are applied by the object-oriented concept.

As the applications, there are the del operator of Tanahashi43), the linear iteration method

of Bruaset et al.44), the nonlinear calculation by the path-following method of Olsson45), the

Regula Falsi method ofPhillips et al.46), etc.. By these research for algorithms, the range of

object-oriented applications is greatly expanded.

- Applied Object-Oriented Methodology

It is important to use the established object-oriented methodology because soflware en-

gineers and structural engineers can share the same and correct image about the system.

Achieving good communication is the key to developing good systems. The object-oriented

methodology has been developing in 1990's, therefore the early applications of the struc-

tural engineering used their original notation. Lu4i) and Mackie47) analyzed problems by the

Booch methodi6). In the stmctural analysis field, the OMT was the most popular methodol-

ogy. This is because it has the functional modei, like the fiowchart diagram besides stqtic and

dynamic models, and stmctural engineers were accustomed to the flowchart diagram. Hart-

mann et al.48), Turk49), Friedrich5e), Archer38), etc. used the OMT, and especially Ishida, Taga

et al.35• 5i-55) has taken some important steps in terrns oftheir detailed dynamic and functional

models. For the static and linear finite element analysis, they carried out the object-oriented

analysis and design first of all, and verified the effectiveness for nonlinear problems and

dynamic problems.
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1.3 State of the Arts on RC Column with Hollow Section

In order to reduce weight, hollow RC members has been employed for long span girders, but

hollow RC columns were not often used by 1970s56). One ofthe first researcher to give much

attention to the behavior of RC colums with hollow section was Procter, who carried out

tests ofthe hollow cylindrical and rectangle columns under axial and bending moments56•57).

   Since the 1980s, in order to investigate the nonlinear behavior, cyclic loading tests were

carried out by many researchers. Mokrin et al.58-6e) carried out tests of eight specimens

to determine the ultimate moment. The parameters were the axial load and the longitudinal

steel ratio. Compared the experimental results with the theoretical results, they indicated that

it was reasonable to use Clough's model for the moment-curvature relationship with small

axial loads, but for specimens with 1arge axial loads, the pinching effect should be taken into

account.

   Since the hollow RC piers can reduce the weight, consequently can reduce the seismic

inertia force, in order to investigate the seismic performance of hollow RC columns, many

cyclic loading tests were canied out6ir73). Mander, Priestley and Park canied out tests of

large scale pier models6i-63). The specimens had a height of 3.2 m, a 750 mm square cross

section with 120 mm thick walls. From the results, the hysteretic performance ofthe hollow

columns demonstrated very good energy dissipation characteristics if they were arranged

well transversely. Ikeda et al. carried out cyclic loading tests ofcircular hollow RC columns

with variable wall thickness64, 65). They showed that the hollow pier deteriorated rapidly after

the maximum state but the pier with thick walls at the bottom had the good performance

against the cyclic loading. And it should be noted that they also carried out the pseudo

dynamic tests of the hollow RC column65). The RC tall pier with natural period of 1.6

second responded small due to the Kobe JMA record. Zahn et al.66) and Kawashima et

al.67• 68) canied out cyclic loading tests of circular hollow RC columns without confinement

on inside face. They indicated that a column with thin walls behaved in a brittle manner

because ofthe low confinement ofthe walls and the spalling concrete to the void.

   After the Hyogo-ken Nanbu Earthquake, it is necessary to arrange the intermediate tie in

the large section for increasing the seismic performance. Suda et al. carried out tests oflarge

scale hollow columns and investigated the arrangement of the intermediate tie for the hollow

section69m7i). They showed that designed ductility could be guaranteed by arranging trans-

verse reinforcement according to the design codes74,75) revised after the Hyogo-ken Nanbu

Earthquake, and structural details ofthe reinforcement arrangement were proposed based on

relationships between the ductility and the arrangement ofthe transverse reinforcement.
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1.4 State of the Arts on High Seismic Performance Con-

crete Structure

Reinforced concrete was invented in 1850 and the application of prestressing to the con-

crete was invented in the late of 1800s, and in this one hundred years many researchers tried

to improve the performance of concrete structures. Especially after the Hyogo-ken Nanbu
Earthquake, the high seismic perfomiance concrete stmctures, including" composite stmc-

tures, have very actively been studied and developed.

   In the restoration operation of the Hyogo-ken Nanbu Earthquake, many RC piers were

removed because their residual deformation was large. Then the Seismic Design Specifi-

cation for Highway Bridges75) was revised so that not only a strength but also a residual

deformation have to be checked for important bridges. To reduce a residual deformation, the

prestressed concrete (PC) pier is proposed76r80). By controlling the amount of prestressing

and the ratio ofreinforcement appropriately, the residual deformation can be reduced and as

the result, the seismic performance ofRC structure can be improved.

   To delay a buckling and a breakage oflongitudinal reinforcement in a flexural defomia-

tion ofRC piers, the RC pier with unbonding ofreinforcement at the bottom is proposed8i• 82).

By the unbonding treatment, the strain of reinforcements in the bottom of piers can be

smoothed, and the ultimate deformation becomes large. And the RC pier with a partial un-

bonding ofreinforcements in the footing is also proposed83). It can increase the base rotation

significantly, and consequently increase the ultimate deformation.

   For a tall pier crossing a deep valley, concrete piers with hollow section are usually

used, but the shear reinforcement is diMcult because of the thin walls. The steel pipe -

concrete composite pier is developed for the high seismic resistance in effect of the ductile

steel pipes and the spiral high strength strand84•85). And also using the steel pipes as the

reaction frame, the rapid construction and the reduction of the ski11ed labor can be provided

(Hybrid Slipform Method)86). Wnh the similar concept, the hollow RC pier with densely

arranged spiral confinement zones is proposed87). This structure also can improve not only

the confinement but also the constmction procedure. From the tests, the ductility is larger

than the conventional hollow RC columns.

   For the rapid construction, several members are proposed in place of longitudinal re-

inforcement bars. Only the steel frames are used in the steel framed concrete pier with

buried precast forms88•89). The combination between the steel frame and the buried form can

provides the rational constmction work and the improvement of the ductility. The flexible

strand is also proposed as longitudinal reinforcement for the constmction in the narrow space

area90).



1.5. 0rganization ofthe Thesis 7

'

   In terms of repairability, the new type of RC pier is proposed9i). In the stmcture, the

longitudinal bar diameter is reduced in the plastic hinge region so as to control the potential

inelastic response range of the steel and the laminated rubber is put into the concrete core

section of the plastic hinge in order to assist the vertical load support during returning in-

clined columns to the original position after an earthquake. The same idea to support the

vertical load after an earthquake is also proposed by Sakai et a192). They use the steel frame

or the steel core as the vertical load supporter.

1.5 Organization of the Thesis

This research aims a fundamental study on the development of an object-oriented stmctural

analysis system and the high seismic performance concrete stmctures, and their applications.

   In Chapter 2, the stmctural analysis system is.analyzed and designed by the object-

oriented technique. The system is divided into three subsystem (Stmcture, Load and Re-

sponseAnalysis), and each subsystem is modeled using the UML notations and implemented

in C++ programming language and applied for the specific sample problems. And finally

the seismic response analysis is demonstrated as the collaboration ofthe subsystems.

   In Chapter 3, the seismic response characteristics ofRC tall piers with hollow section are

investigated by the cyclic loading tests and hybrid earthquake loading tests. In addition to

the conventional evaluation from the cyclic loading tests, the contribution ofthe shear defor-

mation on the deformation process is focused. And finally the program for the cyclic loading

analysis is developed as the application of the object-oriented analysis system developed in

the preceding chapter.

   In Chapter 4, the Unbonded Bar Reinforce Concrete (UBRC) structure is developed and

proposed as the high seismic performance structure. At first the background and the concept

of the structure are described, and then the fUpdamental characteristics is examined by the

cyclic loading tests. And the analytical method for the UBRC stmcture is developed and

modeled as the object in the object-oriented analysis system. Using this object, the paramet-

ric studies in terms ofbars ofthe UBRC structure are canied out.

   In Chapter 5, the UBRC stmcture is applied to the railway and the highway bridge stmc-

tures. In the railway structure, the applicability ofUBRC structures for the rational two-level

seismic design method is investigated. In the highway structure, the real seismic performance

is investigated by the hybrid earthquake loading tests.

   Finally in Chapter 6, concluding remarks ofthe whole chapters ofthis thesis are summa-

rized in addition to some comments for future investigations.
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Chapter 2

Development of 0bject-Oriented

Structural Analysis System

2.1 General Remarks

A knowledge ofthe stmctural analysis field on the civil engineering has deepened more and

more, and nowadays, the numerical analysis becomes an indispensable tool in all fields such

as research, education, design, and construction. Especially, the computational mechanics

is recognized as the third techniques to solve problems, following the analytical and exper-

imental technique. Supported for remarkable advance and popularization of computers, the

large-scale sofiwares are developed in the structural engineering field and would be able to

analyze the complicated behavior of structures.

   In the informatics field, it has widely been recognized that the object-oriented technique

is effective to handle large-scale and complicated softwares. In the process of the software

development, it is necessary to convert the real world phenomenon into the abstract algorithm

in the program. The conventional programming methodology can only handle the procedural

behavior, and the developer will be forced the leap ofthe idea in the early stage ofthe devel-

opment process. On the other hand, in the development by the object-oriented methodology,

the software consists of objects, which we can recognize in the real world. And the system

is made to operate by the message passing between objects. Since the development process

from the analysis of problem to the implementation can be promoted under the consistent

concept, the object-oriented system will be comprehensible than the conventional one. And

in order to enable the seamless development process, the new concepts ofencapsulation and

abstraction, inheritance, polymorphism, etc. are adopted in the object-oriented methodol-

ogy. As the result, it would be possible not only to develop the system seamlessly but also

to manage the system easily, e.g. the maintenance and the reuse of objects. Therefore, many

17
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present new projects would have been designed under the object-oriented concept.

   In the structural analysis field, the object-oriented methodology is introduced in the be-

ginning in 1990's, and has been applied to the finite element method etc. Though, in this

about 10 years, many researchers have advocated the effectiveness of the object-oriented

approach, it is not used generally yet in this field. One of the reason is that programs and

libraries ofpast structural analysis were coded in FORTRAN, and people are satisfied with

system development by utilizing the enormous results. And even in the development pro-

cess by FORTRAN, it has been usefu1 and high reusability by the subroutine concept in the

stmcturalization methodology. Since the object-oriented methodology is the advance ofthe

stmcturalization one, it is considered that it will be also widely accepted in the structural

analysis field. By advancing the analysis and development on the structural analysis system

by the object-oriented methodology, the new structural analysis system in next generation

would be proposed, and can support the flexible development ofnew structures.

   This chapter is described on the basis on the works by Takahashi et al.i-4).

2.2 Analysis of Structural Analysis System

In this section, the structural analysis system is analyzed in the object-oriented technique.

To begin with, the conceptual domain model is made. The analysis of the system is carried

out from the domain description, and finally the analysis system with three subsystems is

proposed.

   In this study, UML 1.35•6) is used in the development process. Notations of UML 1.3

were described in the Appendix A.

2.2.1 Domain Description

To begin with, we should describe the problem domain. in the descnption, it is important

to clear what it does, and to indicate the direction of the detailed analysis in the next stage.

Problems in this study are as follows2).

A structural analysis system for two dimensional static 1 dynamic and linear 1

nonlinear problems is developed. The system should allow the explicit repre-

sentation of structures, loads and other entries, and the stmctural modeling ap-

proaches with various principles, including the finite element method, the fiber

modeling, the spring model, as well as the mixed formulation. The seismic force

as well as the static loads can be used in the analysis system.
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2.2.2 UseCases

Identification of Actors

An actor is a role that a user plays with respect to the system. Although a user, an other

sofiware, a hardware, etc. can be a actor, in this analysis system, only a User is identified as

an actor because executing the system and setting and getting data are the role ofthe User.

Identification of Use Cases

A use case is a set ofsequences ofactions that actors require to the system. Several use cases

in this system are as follows:

   e The response analysis is canied out, formulating the equation ofmotion and solving

   e The User sets the structural data, including the shape and the modeling method.

   e The User sets the load data.

   e The analytical result is informed to the User.

   e The User sets the solution method ofthe equation.

   e Inertia load is calculated by the earthquake and stmctural data.

2.2.3 ModelingofConceptualDomainModel

In general, the structural analysis system is a large-scale and complicated. Ifit can be divided

into small subsystems, the development and the maintenance become easy.

   Some candidates of the subsystem appeared in the use cases. They are "Structure",

"Load" and "Response Analysis". And as a relationship between these subsystems, we can

recogriize "A response analysis is carried out based on the data of structures and loads", "The

Earthquake data converts to the load (inertia load) using the information of the structure".

Figure 2.1 shows the subsystems ofthe conceptual structural analysis system. The definition

ofthese subsystems is as follows:

   e Structure subsystem

     This subsystem contains the srmctural data and informs them to other objects. It cal-

     culates and updates the characteristic matrices according to the deformation history.
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Figure 2.1: Subsystems of Structural Analysis System
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Figure 2.2: Class Diagram of Structural Analysis System

e Load subsystem

  This subsystem shows a load, which is applied to structures. Not only a static load

  (force) but also an earthquake (acceleration) are considered to be a kind ofload.

e Response Analysis subsystem

  This subsystem formulates the

  solves it.

equation using the data of stmctures and loads, and

   The relationship between these subsystems is shown in Figure 2.2. The Structure itself

is only a static object. When the Loads (external force) are applied to the Structure, the

Structure is deformed. It is the Response Analysis to trace this deformation. Figure 2.2

shows that the structural analysis system has been modeled in the form that there is the

ResponseAnalysis as a relation to the association that the Loads are applied to the Structure.
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2.3 Response Analysis Subsystem

21

The rolg of the Response Analysis in this system is to formulate the equation and to solve

it. Namely, the equation is a kemel of the Response Analysis. In this study, the equation is

modeled as a package, so that it can be used irr other systems because the equation is not a

unique concept of this subsystem.

2.3.1 BackgroundofEquationofMotion

State of the Arts on Solution Method of Equation of Motion

Many articles have been devoted to the study of solution method of an equation of motion.

It is important to know the features ofeach solution method and to use the adequate method

for the objectives.

   Newmark et al.7) proposed the Newmark6 method that is the most widely used at present.

By the change of6, it is possible to describe various kind of acceleration methods such as

the linear and the average acceleration method. Bathe and Wilson8) strengthened the linear

acceleration method and proposed the Wilson e method that is the implicit integration. The

Wilson e method is unconditionally stable when e 2 1.37. Bathe et al.9• iO) applied various

solution method to the finite element analysis, and examined the characteristics. Hilber et

al.ii• i2) indicated that the Newmark6 method is unconditionally stable when6 2 (7+ 112)2/4

and 7 År 1/2, but it has nunierical attenuation which depends on the low order mode. They

proposed the Hilber a method that is generalized the Newmark6 method with new parameter

a. Nakashimai3) investigated the stability of the Operator Splitting method, and showed

that the method is adequate as an integral scheme for a substructure pseudo dynamic test

method. Sun et al.i4) proposed the explicit solution method that is based on the implicit

Wilson e method, considering the correction of the solution. Sakai et al.i5) proposed the

explicit solution method that is based on the implicit Newmark 6 method using the central

difference calculus for the increment ofnonlinear force vector Q.

Uniform Expression of Equation of Motion

According to Appendix B, it is found that linearlnonlinear and staticldynamic equation can

be described uniformly as follows.

kÅík.-,i)Ad(k) = RÅík.-,i) (2.1)

where,

kÅík.-i) = kdyn + KÅík i) (2.2)
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                            RÅík.-i')=Rdyn-FÅík.-;' (2•3)

where KÅík.-ii) is a stiffness matrix at time t..i and (k - 1)th iteration, FÅík.-ii) is a vector of

nodal point forces, Ad(k) is the displacement increment at k-th iteration. And in case of static

problems, kdy. is zero and ]Rdy. is just a load vector, and in case of dynamic problems, kdyn

and Rdyn are forrnulated by the adopted method. The above equations are expressed in the

nonlinear form, but when k = 1, these equations correspond to a linear prgblem. The basic

equation is Equation (2.1), and d..i, as the final solution at t.+i, can be obtained by adding

Ad(k) .

2.3.2 AnalysisofEquationPackage

Use Cases

The demand for the Equation is "to solve itself'. Other demands are to inform the solu-

tion to other objects, to set characteristic matrices and so on. Since in nonlinear problems

characteristics of an objective model would be changing every moment, the characteristic

matrices are also changing. Therefore it is necessary for the Equation to know the change

ofthe characteristics ofthe objective model. In the structural analysis system, this objective

model is corresponding'to the Structure subsystem, but any object can be qualified as long

as it has a knowledge ofnonlinear handling. Therefore the object is modeled as the Model

object, which is an interface to the Structure. By this modeling, the Equation can be used in

other analytical field.

   And whereas the Load subsystem has the time history ofload, the Equation concerns to

get the solution at only one time step. Therefore the Load has only the relationship to the use

case "set a load vector (R.+i)" of the Equation.

   According to the above analysis, the use case diagram ofthe Equation is shown in Fig-

ure 2.3. From this diagram, it is found that only the Eguation object is visible from the

User and the complicated nonlinear calculation kernel (Structure) is invisible, by which this

package becomes rich in usability and maintainability.

Separation of Solution Algorithms

For the operation solve, which is the main objective ofthe Equation package, there are many

algorithms. In order to model this operation, the Strategy patterni6) is used to encapsulate

algorithm itself and to be exchangeable. Therefore the algorithms ofsolve are extracted and

separated as a SolutionMethod object. Since the SolutionMethod uses nonlinear characteris-

tic matrices, it is modeled to have a relationship to the Model.

   Figure 2.4 shows the conceptual class diagram of the Equation package.
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   The Eguation object is an equilibrium equation. The user can handle it directly. It has

the operation which solves itself, but actual operation is transferred to the SolutionMethod

object. And the EgOLflt4otion object is an equation ofmotion and is modeled to inherit the

Eguation. The SolutionMethod calculates kSk.-ii),RÅík.-ii) communicating the Model object,

and searches the solution of the Eguation.

Modeling Behavior and Refining Class Diagram 's

In order to get the solution at time t..i, it is necessary to refer to data in the iterative process.

Therefore in order to decide where these data should be stored and to examine the interaction

of objects, the sequence diagrams on the operation solve of the equilibrium equation and the

equation ofmotion are shown in Figure 2.5 and Figure 2.6 respectively.

   From Figure 2.5, it is found that the Equation stores data at time tn, except for Rn+i,

until it has been solved, and the SolutionMethod has data changing in the iterative process.

Especially the stiffness matrix and the nodal point force vector are stored in the Model.

   Since characteristic matrices required in static and dynamic problems are different (cor-

responding to kdy., Rdy.), the DynamicType which inherits the SolutionMethod is modeled

to store and calculate them. (To be precise, the Static/bynamicSolutionMethod inherits the

DynamicType further, and they handle the difference). The algorithm which calculates these

matrices has also separated using the Strategy pattem. On the other hand, the operation on

the linearity and the nonlinearity is stored in the IterationType, and it carries out the actual

solution operation in charge. The IterationType calculates Ad(k), accumulates it in Ad.+i and

informs it to the other objects.

   Based on the above analysis, the detailed class diagram is refined and shown in Fig-

ure 2.7. Since the IterationType and the DynamicType control the operation solve actually, a

stereotype ÅqÅqcontrolÅrÅr is placed in the generalized class SolutionMethod which is a parent

ofthe IterationType and the DynamicType. And in the IterationType, the SolutionMethod and

the Model, the stereotype ÅqÅqinterfaceÅrÅr is placed because these classes specify a collec-

tion ofoperations that are used to specify a service ofa class. The stereotype ÅqÅqboundaryÅrÅr

is also placed in the Eguation object, beqause the Eguation is located in the boundary be-

tween the User actor and the Equation subsystem, and has the operations ofinputloutput.

   Here, meanings ofthe classes ofFigure 2.7 are described.

e Eguation

  An equilibrium equation which consists of a stiffness matrix, a displacement vector, a

  load vector and a nodal point force vector. The user can handle it directly. It has the

  operation which solves itself at time t..i, and the actual operation is delegated to the
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2(,k;?: matrix

eSk."?: vector

make R{,k;1)o

make a(.k;1}o

updateO
solveO

.s

ÅqÅqboundaryÅr)

 Equation

Kn : matrix

F,:vector
dn:vector
Rn+i:vector

solveO
make kSk;?o

make A(.k;1}o

getKO
setK(K,)

getRO
setR{Rn+1)

getDO
setD(dn)

getFO
setF{Fn)

getModelO
setSize(intn)

EqOfMotion

1

Mn : matrix

C. : Matrix

an:vecter
v :vector

n

At:double

1

ÅqÅqinterfaceÅrÅr

DynamicType
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dSk.-; ): vector

caic dSk.-; }o

setDeltaD(Adn+")
setK( K(,k+-rt t ) )

setF( FSk.'3
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ÅqÅqinterfaceÅrÅr

iterationType

AdSk.)i : vector
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calcAd.+dO

d

StaticSolutionMethod

Linear
SolutionMethod

getMO
setM(M.}

getCO
setC(Cn)

gethO
setA(A,)

getVO
setV(Vn)

getDeltaTO
setDeltaTÅqAt)
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NonlinearSolutionMethod

sE:double

EF:dobule
iteration:int

convergeCheckO
calcEnergyRatioO
calcForceRatioO

NewtonRaphson -ltl

1

DynamicSolutionMethod

 (k.1)
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HilberMethod
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updateO

MdlStructure MdfDOFd

WilsonMethod

e
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Figure 2.7 : Refined Class Diagram ofEquation Package
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  SolutionMethod, to be precise the StaticSolutionMethod. Until the equation is solved,

  the Eguation stores these characteristic matrices at time t. except for the load vector

  Rn+i at time tn+i, and after it has been solved, these matrices are updated to data in

  tlme tn+1•

e EgOLnaotion

  An equation ofmotion which consists ofa mass matrix, a damping matrix, an acceler-

  ation vector, a velocity vector in addition to the' Equation. It has also a calculation time

  step At. The actual solution operation is delegated to the DynamicSolutionMethod:

e SolutionMethod

  An abstract class which controls the calculation. It has data and basic operations for

  making kÅík.-ii), R2k.-ii). And, it has the update method for reporting to other objects the

  convergence of the calculation.

e Model

  An abstract class which has a relationship to a stmctural object with making algorithm

  of KSk.-ii), RÅík.1i). When the defomiation since time t. (the displacement increment Ad)

  is received, it transfers the data to a stmctural object and gets the characteristic matri-

  ces.

e IterationType

  An abstract class which encapsulates a solution algorithm. It inherits the Solution-

  Method. It defines a search method of getting Ad(k-i) at each iterative calculation step,

  and reports it to the Model. And it also defines making operations of kÅík.-ii), RÅík.-ii).

e DynamicType

  An abstract class which has operations making prototypes of kSk.1i),RÅík.-ii). since

  kSk.-i),RÅík.-ii) in a static and dynamic problem are different, this object handles the

  difference. It inherits the SolutionMethod. It defines the basic operation ofmaking the

  part of kÅík.-ii), RÅík.-ii), which is used in solveO of the IterationType. The Eguation re-

  quests the operation solve ofthis object, and it delegated to the IterationType. It stores

  characteristic matrices in the iterative process, such as dSk.-ii).

e LinearSolutionMethod

  A class which defines a linear solution algorithm. It inherits the IterationType.

e NonlinearSolutionMethod
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  An abstract class which defines a nonlinear solution algorithm with an iterative calcu-

  lation. It inherits the IterationType adding attributes and operations for checking the

  convergence.

o StaticSolutionMethod

  A class which defines operations making prototypes of kÅík.-ii), RÅík.-ii) in a static prob-

  lem. It inherits the DynamicType. But since the static problem part of kSk.-ii) is made

  by the IterationType, this object does nothing to make kÅík.-ii).

e DynamicSolutionMethod

  A abstract class which defines operations making prototypes of kÅík.'ii), RÅík.-i) in a dy-

  namic problem. It inherits the DynamicType. It also has operations for calculating an

  acceleration aSk.)i and a velocity vÅík.)i.

e NewtonRaphson

  A class which defines the nonlinear algorithm by the Newton-Raphson method. It

  inherits the NonlinearSolutionMethod.

e HilberMethod

  A class which defines the algorithm for calculating kSk.Mii), RÅík.1i) based on the Hilber a

  method. It inherits the llynamicSolutionMethod.

e NewmarkMethod

  A class which defines the algoritlm for calculating kÅík.-ii), RÅík.-ii) based on the New-

  mark6 method. Since the Newmark6 method is the case that a is O.O in Hilber ev

  method, it inherits the HilberMethod.

e MilsonMethod

  A class which defines the algoritlm for calculating k2k.mi), RÅík.-ii) based on the Wilson

  e method. It inherits the DynamicSolutionMethod.

e MdlSrmcture

  An interface class between this Eguation package and the Structure subsystem. It can

  refer to the Straeture in making characteristic matrices.

e MdlDofl

  An object which defines the algorithn for making characteristic matrices of a single

  degree of freedom model. The nonlinearity operation is used the other object like the



2.3. Response Analysis Subsystem 31

counter
k= k+1

calc RSk.'1) calc R{,k;?

converge check

[converge]

e:Equation

[t=tn ]

m:Model
t = tn+1

k=k-1

        m:Model

---- r t=tn+t
        k=k

m:Model
t = tn+t

converged

e:Equation
[t = tn+1 ]

Figure 2.8: Activity Diagram of SolutionlV[ethod

hysteresis object. It doesn't have the nonlinear operation,

Hysteresis object in the making process.

so it use the object like the

    The activity diagram can show the activities in the form of the flow chart. Focusing on

' the dynamic behavior, the algorithm ofsolve ofthe SolutionMethod is shown in Figure 2.8.

 From this figure with object flows, it is found how each activity would affect the state of

 objects. Though in the solution algoritlm, various data are used and generated, the Equation

 package distributes each data to corresponding objects. Therefore the complicated nonlinear

 solution algoritlm of the Eguation can be expressed in this simple activity diagram.

    The dynamic view ofthe operation solve is shown in the statechart diagram (Figure 2.9).

 The upper part shows the operation in a nonlinear problem, and the lower part shows that in

 a linear problem. The trigger of a solution process is a message solve from the User actor.

 When the message solve is received, the state ofthe Eguation change to solving. While in the

 state, the Equation also send the message solve to the SolutionMethod and the actual solution

 process is carried out until the solution is converged. And when the SolutionMethod send

 the message converged to the Equation, the state of the Equation changes to the final state

 solved. In spite of the type of a problem, the message of the solution process is the same.

 And compared with the upper and the lower part in Figure 2.9, it is found that we can cope
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solvingÅqNonlinearSolutionMethod)

[iterÅq=iter-limit]

solve Receiving converged solved

esolving

[iterÅriter-limit]

e
te

solving(LinearSolutionMethod)

solve ReceMng converged solved

esolving

Figure 2.9: Statechart Diagram ofEquation Package

with any problem only by exchanging the appropriate IterationType. This modeling can be

realize by using the Strategy pattern, and can make this Eguation robust against adding a

new solution method.

2.3.3 Implementation

Equation Class Library

The Equation package that analyzed and designed in this section is implemented in C++

language.

C++ Header File The definitions of classes of the Equation package in C++ are shown

in Figure 2.10. In the code, the line number is denoted for the explanation. In the code,

the keyword ": public Equation" (line 22) means that this class is the inheritance of

the Equation class and the keyword "=N" placed behind the method (e.g. Iine 40) means

an abstract method. Since abstract methods are realized by a concrete class which inherits

the abstract class, the abstract class defines the prototype characteristics which a child class

should have. As compared this code with the class diagram (Figure 2.7), it is found that the

code can be implemented in almost the same expression of the analytical results.

Method solve Here, the implementation ofmethodsolve ofthe Equation is explained. The

program code ofthe method is shown in Figure 2.11. The Linear)eVonlinearSolutionMethod

(line 10 and 19) are the classes which inherit the IterationType, and they have the concrete

operation ofthe 1inearlnonlinear solution method respectively.



2.3. Response Analysis Subsystem 33

 1:
 2:
 3:
 4:
 5:
 6:
 7:
 8:
 9:
IN:
11:
12:
13:
14:
15:
16:
17:
18:
19:
2Q:
21:
22:

23:
24:
25:
26:
27:
28:
29:
3N:
31:
32:
33:
34:
35:
36:
37:
38:
39:
4N:
41:
42:
43:
44:
45:
46:
47:
48:
49:
5N:
51:
52:
53:
54:

class Equation {

 Equation(Model', IterationType", DynamicType")
 virtual int setSize(int size);
 DynamicType" setSolutionMethod(DynamicType');
 Model" getModelO;
 DynarnicType' getSolutionrlethodO ;
 int getSizeO;
 GenLmatrix calcKO;
 Gen-rnatrix setK(GerLmatrix); inline Gen-matrix
 Col-vector setR(Col-vector); inline Col-vector
 Col-vector calcFO;
 Col-vector setF(Col-vector); inline Col-vector
 Col-vector setD(Col-vector); inline Col-vector
 void solveO;
protected:
 Gen-rnatrix Kmatrix;
 Col-vector Rvector, Fvector, Dvector;
 DynamicType "sMethod;

class EqOfbfotion : public Equation {

pub1ic:
 EqOfMotion(Model" n, IterationTypeft
 virtual int setSize(int size);
 double setDeltaT(double dt);
 double getDeltaTO;
 Gen-rnatrix setM(Gen-matrix); inline
 Gen-matrix setC(Gen-mattix); inline
 Col-vector setA(Col-vector); inline
 Col-vector setV(Col-vector); inline
protected:
 double deltaT;
 Gen-matrix imatrix, Cmatrix;
 Col.vector Avector, Vvector;
};

// definition of class

; // constructor
 // set DOF size

// get DOF size

getKO ;
getRO ;

getFO ;
getDO;
 // solve equation

// have DynarnicType

// definition of class
// inherit class Equation

s, DynamicType" d);

            // set time interval
            // get time interval
Gen-rnatrix getMO ;
Gen-Tnatrix getCO;
Col-vector getAO;
Col-vector getVO;

class SolutionMethod { // definition
public:
 virtual void storePreData(Col-vector)
 virtual void storeDataAtT(Col-vector)
 virtual int setSize(int size);
 virtuaZ void setUpO;
 virtual void solveO = N;
protected:
 Gen-matrix EffectiveK;
 Col-vector EffectiveR;
 virtual Gen-rnatrix makeEffectiveKO =
 virtual Col-vector makeEffectiveRO =
}l

of class

= N;
= Ql

Nl
N;

class DynamicType : public SolutionMethod {
pub1ic:
 --- ny

// time interval data

Figure 2.1O: Static Structure ofImplementation ofEquation Package
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52: class

53:
54:
55:
56:
57:
58:
59:

6N:
61:
62:
63:
64:
65:
66:
67:
68:
69:
7N:
71:
72:

73:
74:

 75:
 76:
 77:
 78:
 79:
 8N:
 81:
 82:
 83:
 84:
 85:
 86:
 87:
 88:
 89:
 9N:
 91:
 92:
 93:
 94:
 95:
 96:
 97:
 98:
 99:
INN:
INI:

IN2:

IN3:
IN4:
IN5:
IN6:
IN7:
IN8:

DynarnicType :

public:
 virtual
 virtual
 virtual
 virtual
 virtual
 virtual

public SoluttonMethod {

Gen-matrix makeEffectiveKO = N;
Col-vector rnakeEffectiveRO = N;
void storePreData(Col-vector);
void storeDataAtT(Col-vector);
void setUpO;
DyrtarnicType" cloneO = N;

 Equationee setEquation(Equation* eq); Equation*
 IterationType" setlterationType(IterationType*)
 IterationType' getlterationTypeO;
 virtual int setSize(int size);
 virtual void solveO;
protected:
 Equation "equation;
 IterationType" iterationType;
 Col-vector preFvector;
 Col-vector preDvector;
};

class IterationType : public SolutionMethod

pub1ic:
 friend IterationType"
              // this
 Modelft setModel(Modelrk); Model" getModelO;
 virtual void storePreData(Col-vector);
 virtual void storeDataAtT(Col-vector);
 virtual int setSize(int size);
 virtual void setUpO;
 virtual void solveO = N;
 virtual IterationType* cloneO = N;
 Col-vector& getRnO ;
protected:
 Model "model;
 DynamicTyperk dynarnicType;
 LU-rnatrix "lu;
 Col-vector deltaD;
 Col-vector Rn;
 virtual void calcDeltaDO;
 virtual Gen-matrix makeEffectiveKO ;
 virtual Col-vector makeEffectiveRO;
};

{ //
  //

// definition of
// inherit class

class
Equation

ll gifhl:ggl2g,:•El k(XP{,?.,s-Åík.-,i)

// save data at tn+1
// initial setup
// define the prototype
// method to dupltcate itself
getEquationO ; .
; // set IterationType object

// set DOF size
// solve equation

// relate to
// relale to

Equation
rterationType

definition of
inherit class

class
SolutionMethod

DynarnicType::setlterationType(IterationType");
method in DyarumicType can access data of rterationType

//

class Model {
public:
 Equation" setEquation(Equationrk eq);
 inline Gen-matrix getKO; // get Krnatrix
 inline Col-vector getFO; // get Fvector
 virtual int setSize(int size);
 virtual void setUpO;
 virtual void setDeltaD(Col-vector) : N;
   /1 define prototype method to transfer
   // the step deformation data
 virtual void updateO = N;
   // define prototype method to update data
 virtual int getDofO const = N;
protected:
 Equation *equation;
 Gen-rnatrix Krnatrix;
 COI-vector Fvector, Disp;
};

// set and get class

// solve equation

Model

// get Rvector in previous

// have Model
// relate to DynainicType
// rnatrix for inverse
1/ solution of equation
 calc kÅík.-ii),FÅík.-ii)and solve

// definition of class

time

Ad(k)

Model

Figure 2.1O : Static Structure ofImplementation ofEquation Package(cont'd.)
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 1:
 2:
 3:
 4:
 5:
 6:
 7:
 8:
 9:
IN:

11:
12:
13:
14:
15:
16:
17:
18:
19:

2N:
21:
22:
23:
24:
25:
26:
27:
28:
29:
3N:
31:
32:
33:
34:
35:
36:
37:
38:
39:

/*--------m----------------------------------------------------------------ft/
void Equation::solveO { // method solveO in class Equation
 sMethod-ÅrsolveO; // delegate to DynamicType
}
/rk----------------------------------------------------------------------------"/
void DynarnicType::solveO { // method solveO in class DynarnicType
 iterationType-ÅrsolveO; // delegate to lterationType
}
/de -- ---- ---- -- ---------------- -- ----------- =' --- ---- -- ---------------- -- ---------*/
void LinearSolutionMethod::solveO {
                           // method solveO in LinearSolutionMethod
 setUp O ;
 calcDeltaDO; // make K.+1,F.+l and solve Ad.+1
 model-ÅrsetDeltaD(deltaD); // reportAd..l to structural model
 storePreData(deltaD);
 model-ÅrupdateO; // update rnodel property
 storeDataAtT(deltaD); // store data at time tn+1
}
/*------------..--------------------------------------.----.--------------..u./
void NonlinearSolutionMethod::solveO {
                           // method,solveO in NoninearSolutionMethod
 setUpO;
 iteration = N;
 accurn-dD = N;
 do {
  lteratlon++;
  calcDeltaD O ;
  checkEnergyConvO ;
  accum-dD += deltaD;
  rnodel-ÅrsetDeltaD(accurn-dD) ;
  storePreData(accurn-dD) ;
  checkForceConvO ;
  if(iterationÅr=2N) {
   cerr ÅqÅq "Xnl)ivergence..." ÅqÅq endl;
   exit(1);
  }
 } while(convergenceCheckO !=1);
 storeDataAtT(accurn-dD) ;
 rnodel-ÅrupdateO ;
}
/de------------------------------------

/e:i2",nkk+,-i;'di,"n(C+6,1'ceS,gfl2geAd(k'

// calcAdn+1
// reportAd.+1 to structural model
// store data at time t.+i ,iter(k)
   calc       force convergence//
// convergence check in iteration
// error message
// terrninate forcely

// convergence check
// store data at time tn+1
// update model property

 -- -- -------------------- -- --------"./

Figure 2.11 : Implementation ofsolveO ofEquation Package

   In the object-oriented analysis, the Eguation is the interface with the Users, and it has no

concrete solution method itself, and the Equation is modeled to delegate the solution process

to the SolutionMethod (see Figure 2.9). Therefore, in the program code, it is also found that

when the message solve is sent to the Equation (line 2), the message solve is transferred to

the DynamicType (here, sMethod) (line 3), and the DynamicType is also transferred to the

IterationMethod which has a concrete solution method (line 7). Equation: : sMethod and

DynamicType: :iterationType are related to the appropriate concrete object when the

program is executed. For example, the DynainicType;:iterationType is related to the

LinearSolutionMethod (line 10) or the NonlinearSolutionMethod (line 19) in the executed

program. Since the Equation doesn't have algoritlms directly, not only the Equation but

also the User operation is not affected by adding a new algorithms.

   Next, looking inside the code solve in the linearlnonlinear solution method (from line
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1 Oll9), it is found that the algorithm corresponds to the sequence diagram such as Figure 2.5.

In the program code, the nonlinear solution method algorithm can be realized in the simple

code, because the nonlinear behavior is calculated outside ofthe Eguation package (through

the ModeD (line 13 and 28).

   Furthermore, since this package uses the Matrix class library which defines the linear

algebra operations, the code is similar with the mathematical expression (e.g. Iine 27 shows

the summation of vector). "
Example

In order to show the advantage of the Eguation package, the complete program code of the

static 1inearlnonlinear analysis ofa single degree of freedom is shown in Figure 2.12. In the

program, a single degree of freedom object (MdlDofl) uses the Hysteresis object (line 8, 9).

It cannot be discussed about the Hysteresis object here, but it is modeled to be an object to

handle the nonlinearity.

   At first of the linear or nonlinear analysis, the equilibrium equation or the equation of

motion is formulated. In the program code, we can do so (line i1, 12). And in the solution

process : Step 1, we set the loading condition (line 19) and solve the equation (line 21, 22).

In this example, the nonlinear Eguation object carries out the iterative calculation by the

Newton-Raphson method inside (see line 12). But deserving special mention, the solution

process can express in the same form exactly in spite ofthe nonlinearity ofthe problem (line

21, 22). And, in Step 2, we analyze the unloading state (line 28). For the conventional

programming technique, this kind ofprogram becomes complicated, because the calculation

needs the previous condition. But in this program, the solution operation is completely the

same ofthe loading state (compare line 34, 35 with line 21, 22).

   In the program code, the equations is expressed explicitly and the same expression can

be used in spite of solution methods. This is the reason that code can be implemented with

the high readability.

2.4- Structure Subsystem

The structure is the object which has been modeled actively since the beginning of the re-

search on the object-oriented application. But almost all objective applications were FEM, in

which the model ofthe structure can be relatively simple. However, on the modeling meth-

ods (methods for making element matrices), there are the fiber model method, the spring

model, etc. as well'as FEM, and in the future, the more and more new methods will be pro- ,

posed. In this section, the Structure subsystem is modeled to handle these various methods
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1:
2:
3:
4:
5:
6:
7:
8:
9:

IN:
11:

!2:

13:
14:
15:
16:
17:
18:
19:
2N:
21:
22:
23:
24:
25:
26:
27:
28:
29:
3N:
31:
32:
33:
34:
35:
36:
37:
38:

#include
#include
#include
#include

Åqfstrearn.hÅr
"equation.h"
"mdlusr.h"
"hyst.h"

int mainO
{
 Hysteresis
 Hysteresis

Equation

Equation

"hysL =
*hysN =

*eqL

     '
     '*eqN
     '
     '

new
new
new
new
new
new

new
new

// lnclude

// start

HysLinear(1.S, 2.N);
HysBilinear(1.N, 4.N

  //
, 3.N,
  //

Equation(new MdlDofl(hysL)
LinearSolutionMethod
StaticSolutionMethod);
Equation(new MdlDofl(hysN)
NewtonRaphson
StaticSolutionMethod);

int nurrLdof = 1;
Col-vector R(nurn-dof),

1/ ----------
R[1] = 6.N;
eqL-ÅrsetR(R);

D(num-dof);

}

eqL-ÅrsolveO
eqN-ÅrsolveO

D
D

;

;

- ---- Step 1: ---

eqN-ÅrsetR(R);

= eqL-ÅrgetDO;
= eqN-ÅrgetDO;

D.print("D-L")
D.print("D-N")

// ----------------------
R[1] = 2.N;
eqL--ÅrsetR(R); eqN-ÅrsetR(R);

eqL-ÅrsolveO
eqN-ÅrsolveO

D
D

;

;

= eqL-ÅrgetDO;
= eqN-ÅrgetDO;

return N;

;

;

//
//

//

definition

main prograrn

generate
 6.N);
generate

setup

// setup

//
//

files

linear hysteresis

bilinear hysteresis

static-linear equatlon

static-nonlinear

set DOF
generate

set load
set load

// solve
// solve

// get
// get

Step 2: ---------
           // set

D.print("D.L")
D.print("D-N")

;

;

load, displ.

data (loading)
vector to equatlons

eq.

vectors

static-linear equation
static-nonlinear equation

result
result

load

// solve
// solve

// get
// get

of
of

data

analysis
analysis

and
and

(unloading)

display
display

static-linear equation
static-nonlinear equation

result
result

// terminate

of
of

analysis
analysis

protram

and
and

normally

display
display

     R
Stepl:R=6

Step2:R=2

Dl=3

D2=1

     R
Stepd:R=6

Step2:R=2

Dl=3

D2=2

Results of Linear Analysis
D                D

Results of Nonlinear Analysis

Figure 2.12 : Example of Static LinearlNonlinear Program and Results
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Figure 2.13 : Use Case Diagram ofStructure Subsystem

ethciently and simultaneously.

2.4.1 RequirementAnalysis

Since the knowledge on the response analysis is delegated to the ResponseAnalysis subsys-

tem, it is not necessary to include the knowledge in the Structure subsystem. Therefore, the

demand for the Stracture is "that the shape ofreal structures is represented in the program

code as much as possible" and "that the characteristic matrices are made based on the mod-

eling method". And, when the deformation state is reported to the Structure, the Structure

must be deformed. The reference of the characteristic matrices is also required by not only

users but also the ResponseAnalysis subsystem. Use cases of the Structure are shown in

Figure 2.13.

   The tnost important use case is to make the characteristic matrices. Although there are

various methods for makng characteristic matrices, there is only one "shape" when we rec-

ognize the structure. Therefore, the Structure subsystem is divided into two packages, the

Shape and the modeling methods (Methodi3) and the methods are encapsulated by the Strat-

egy pattern (Figure 2.14). In Figure 2.14, the Material and Hysteresis packages have also

been divided from the Structure subsystem. Since the Material and Hysteresis are general ob-

'
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Structure Subsystem

Shape Method

t-

ÅqÅqimportÅrÅr 1

 '
v

f

Material

N
x x ÅqÅqimportÅrÅr

 N
N

x

Hysteresis

Figure 2.14: Packages in Structure Subsystem

jects which can be used in other problems, they are modeled and encapsulated as a package,

and these packages are imported by the Shape packages as shown later. The class diagram of

the Hysteresis package is shown in Figure 2.15. regardless of the type of the hysteresis, we

can get the result corresponding to the given value in the same expression getY(double x)

because the hystere$is data is stored in the object. The Material package handles the specific

stress-strain relationship ofmaterials. As same as the Hysteresis object, the stress in consid-

eration for the strain history can be obtained by the unique method getStre'ss (double e) .

In this section, the Shape and Method packages are analyzed in detail.

2.4.2 ShapePackage

Class Diagram

A structure, e.g. a bridge in the real world, is an assemblage of elements, like piers and gird-

ers. However, when the structure is analyzed, it is general to be simplified as the analytical

model (Figure 2.16). The objective of the Shape package is the modeling ofthis simplified

structure.

   In Figure 2.16, objects in the Shape are identified. The Structure and the Element class

can be identified, and the Structure is modeled to be an assemblage ofElements. And, among

the Stracture and the Element, there are common attributes and operations as follows.

e Characteristic matrices, such as stiffness matrix and nodal point force vector, etc. are

  constmcted.

e They can be represented as an assemblage ofNodes.

e They can be deformed.
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Hysteresis

Kinit : double

x current:double
y-current : double
x bef:double
y-bef:double

getY(double x) : double
getK(double Å~) : double
updateO:void

SkLinear
   ttl

(Å~-1, y-1)

ts

HysLinear
SkBilinear

x-1 :double
y-1:double

(x-2,

HysBilinear

2, y-2)

SkTrilinear

x 2 : double
y-2 : double

(x-3, y-3)

HysTakeda HysCIough
SkQuadlinear

x 3:double
y-3:double

Figure 2.15 : Hysteresis Package
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Structure itself.

Users can handle it.

l

N

AbstractStructure

K,, M, C : matrix

F,, d,, Ad : vector

nodeList : List

deform(Ad)
make KO
get KO
get dO
showDataO
addNode(Node')

1".+

Structure

2,.,+

Node
Dof:value

1

2...'

construct(FILE)
assembleMatrixO
assembleVectorO
eigenAnalysisO

1 1

1

1

1."+

Element

1

Point

Coordinate : value

Support

1".+

Offset

R:matrix
----

makeRO----

`

t

 Algorithm for
. making structural
 matrices.

1

/

1

Method

area'double
 : double

calcAreaO
getAreaO
calc IO
get 10

Figure 2.17 : Class Diagram on Shape (part 1)

   Therefore, a super class (AbstractStructure) which has the common attributes and oper-

ations mentioned above is extracted, and the Strncture and the Element objects are modeled

to inherit the AbstractStructure.

   The Element is modeled to have the Method in order to make element matrices. And

in order to define the location of each Element in the Structure, the opset class is made as

a relationship between the Strttcture and the Element. And the Support class is also made

because there are many shoes in a bridge structure. The Support is modeled as a relationship

between the Node and the Element. The Element has a Section, and in order to cope with

composite stmctures, Layer is identified and the Section is modeled to have multiple Layers.

The class diagram is shown in Figure 2.17.

   Here, th classes are described as follows.

e AbstractStructure

  An abstract class which have the common properties between the Stracture and the

  Element. The following attributes are defined : A list ofNodes, a stiffness matrix, a

  nodal point force vector, a mass matrix, etc.. And, it defines the abstract operations of

  making characteristic matrices and of deforming the structure.

e Structure
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A structure which is an assemblage ofElements. By assembling element characteristic

matrices, the structure characteristic matrices are constructed. When the deformation

state is received from the User, this object calculates an element deformation corre-

sponding to the element coordinate, and reports it to each element. It can also carry

out the eigen analysis. '
e Element

  A line element which composes a structure. Based on the Method package, a element

  stiffness matrix and a nodal point force vector are calculated. And, an element mass

  matrix and an element damping matrix are also constructed. It has the cross-sectional

  information (Section).

e Point

  A class which locates the position.

e Node

  A node which has the inforrnation on degree of freedom. Strnctures and Elements can

  be represented as an assemblage ofA[odes. The position is informed by refening to the

  Point class.

e Section

  A cross section of an Element. It has the cross-sectional data such as the area, the

  moment of inertia, etc.. It consists of multiple Layers in order to express composite

  srmctures, and the cross-sectional data are calculated by referring the Layers.

e Layer

  An abstract layer which has a relation to one Material. It has operations to calculate

  the area, the moment of inertia, etc..

e opset

  A class which define the location of each Element in the Stntcture. It has operations

  which make a rotation matrix, etc..

   Next, detailed objects in a cross section (Layer) are analyzed. In order to be able to

apply various modeling methods, it is necessary to relate different nonlinear characteristics

to aLayer. Then, as it is shown in Figure 2.18, the GaussPoint object is set up as the

relationship between the Layer and the nonlinearity, and in case of FEM, the Layer has

several GaussPoints related to the Material, and in case ofthe Moment-Curvature method,
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o

MaterialGP

HysteresisGP

Åí

yer
Material

M

e Åë

"

                                                     Hysteresis
               Fiberl-
                                         Fiber

                                         ialGP

               Figure 2.18: Conceptual Diagram ofGaussPoint Object

the Layer has a GaussPoint related to the Hysteresis. And in case of the fiber model method,

the Layer is an assemblage ofjFibers, and the Fiber has the information ofthe area in addition

   Class diagram ofthe shape related to the Layer is shown in Figure 2.19. The description

ofclasses on Figure 2.19 are as following.

   e FiberLayer

     A layer which is an assemblage of Fibers. It can represent an arbitrary shape. The

     cross-sectional data, such as the area, are calculated using Fibers.

   e GPLayer

     /in abstract layer which has a relationship to GaussPoints. The crossLsectional data

     are calculating by a numerical integration.

   e RectLayer

     A layer with a rectangle shape. It has data ofa height and a width ofa Layer.

   e CircleLayer

     A layer with a circular shape. It has a diameter data ofa Layer.

   e GaussPoint
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 FiberLayer

     1

     1-•.'
  Fiber
area:double

  1

GPLayer

    f

   t'"'

RectLayer

CircleLayer

GaussPoint

x, y: double
valueOfK : doubie
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e
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e

1
MaterialGP

                         Material

              Figure 2.19: Class Diagram of Shape (part 2)

                                                                       'An abstract Gauss point used in a numerical integration. It rememberS the hysteresis

information considering the deformation history at a position in a Layer.

MaterialGP

A Gauss point with relates the Material.

HysteresisGP

A Gauss point with relates the Hysteresis.

Fiber

A piece for the fiber model. It has the area as the attribute, and it can get the informa-

tion about the Material and the position in the cross section from the MaterialGP.

Material

                              '
An abstract material which has the stress - strain relationship.

Hysteresis

An abstract hysteresis relationship, such as linear, bilinear, trilinear, etc..

HysteresisGP

     1

     I
 Hysteresis
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Modeling on Dynamic Behavior

The purpose of the Structure subsystem is to make the characteristic matrices. However,

for a structure, the characteristic matrices is only the mean of expressing the deformation

condition, and the essential behavior ofthe Structure is how to respond by given deformation

state.

   The sequence diagram is shown in Figure 2.20 when the Structure sgbsystem receives

the message of deformation from the User actor with a displacement increment vector. This

displacement increment is converted into the increment on each Node and Element, and

the Structure object sends the increment to corresponding Element as the message of the

deformation. Each Element requests the making ofelement characteristic matrices to Method

package. Since this Method package is a kind of black box from the Shape package, it is

not necessary to know what kind of modeling method is related to the element. The only

information the Shape package should have is that the procedure to get the characteristic

matrices corresponding to the deformation history is to request the Method package to create

the matrices. Therefore the modeling ofthe Shape can be very simple.

2.4.3 MethodPackage

In this study, objective modeling methods are the finite element methodiO), the fiber model

methodi7), the moment.curvature model and the spring model (loadtdisplacement model).

Especially the fiber modeling ofthe Timoschenko beam is developed in Appendix C. These

concrete methods inherit the Method class. The Element object can make the characteristic

matrices using the Method object, not the concrete method object (e.g. through the operation

Element : :rnakeKO in Figure 2.21). Therefore there is no infiuence on the Shape package

by adding a new modeling method.

   According to Appendix D, it is found that in term of the algorittm about making el-

ement characteristic matrices, the finite element method, the fiber model method and the

momentTcurvature model calculate these matrices by integrating cross-sectional character-

istic matrices in axial direction ofthe element. On the other hand, the spring model has no

common part ofother analytical method in the calculating process ofelement characteristic

matrices. Class diagram based on the knowledge arrangement of the analytical method is

shown in Figure 2.21.

   For the finite element method, the fiber model method and the moment+curvature model,

the SectionBased class is made as the super class of them. In the Shape package, the re-

lationship between the Element and the Section is the one-to-one, because the purpose is

to represent the shape. But the Method package should know the nonlinear hysteretic in-
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1

gaussPoint : vector
weight vector

calcGaussLegendreO
getGPO
getWeightO

makeKO
makeFO
deformO
showDataO
updateO

sectionMatrix : matrix
sectionVector : vector

Figure 2.21: Class Diagram ofAnalytical Method Package

formation of each cross-sectional position. Therefore the SectionBased object has multiple

Sections by copying the Section in the Shape package. And, in order to carry out a numerical

integration, the Integrallnfo class which has operations to calculate the Gauss points and the

weight is made, and the SectionBased class also inherits it.

   The spring model is represented by the SGBased class, and the subclasses, which spe-

cialized in the axial, lateral, rotational direction and the foundation, are made. About the

hysteretic behavior ofthe spring, the Hysteresis objects are used.

   Since the Method package defines extracted algoritlms, the dynamic behavior only fol-

lows the specific algorithm, like conventional programs in FORTRAN.

2.4.4 Implementation

Structure Class Library

The Stracture subsystem is implemented in C++ language. The classes in the C++ header

file are converted the object-oriented analytical results as well as the Eguation package.

Here, the program code of method deform in the Structure class is shown in Figure 2.22 to

explain how to implement the results of the object-oriented analysis. All variables cannot be

explained here, and the outline ofthe code is explained.
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 1:
 2:
 3:
 4:
 5:
 6:
 7:
 8:
 9:
IN:
IZ:
12:
13:
14:
15:
16:
17:
18:
19:
2N:
21:
22:
23:
24:
25:
26:
27:
28:
29:
3N:
31:
32:
33:
34:
35:
36:
37:
38:
39:
4N:
41:
42:
43:
44:
45:
46:
47:
48:
49:
5N:
51:
52:
53:
54:
55:
56:
57:
58:
59:
6N:
61:
62:
63:

/"----------------------------------------------------------------------------de/
Col-vector Structure::deform(Col-vector du) {
//-------------------------------------------------------------------------
// Control 1 in Figure 2.19: update coordinate of Point
// deviding the Dvector into displacement increments of each Node
//-------------------------------------•------------------------------------
 CoLvector disp(3);
 for(int i=1; iÅq=NurnNode; i++) { //---------------------------
  Node "node = (*NodeList)(i); //
  for(int j=1; jÅq=3; j++) { //
   if(node-ÅrgetDofO-Årvalue(j)==N) { // devide Ad
    disp[j]=N.N; //   }else{ // intoAd..d.    disp[j] = du[node-ÅrgetDofO-Årvalue(j)]; //

  } //---------------------  if(node-ÅrgetDofO-ÅrgetSizeO=3) {
   node-ÅrgetPositionO-ÅraddCoordinate(disp[1], disp[2]); // move Point
  }

}
//-----------------------------------------------------------------------
// Control 2 in Figure 2.19: update deformation of Elernent
// deviding the Dvector into disp. increment of each Element
//-----------------------------------------------------------------------------
 int irow, idegree;
 Col-vector inc-disp(6);
 disp.setsize(6);
 ObjectListÅqNodeÅr "nodeList;
 for(int i=1; iÅq=NumElern; i++) {
  nodeList = ((*ElementList)(i))-ÅrgetNodeListO;// get NodeList

}

for(int J=1; jÅq=nodeList-ÅrgetSizeO; j++) {
 for(idegree=1; idegreeÅq=3; idegree++) {
  irow = ((("nodeList)(j))-ÅrgetDofO)
         -Årvalue(idegree);
  if(irow==Q) {
   inc-disp[3*(j-1)+idegree] = N.N;
   conUnue ;
  }
  inc-disp[3"(j-1)+idegree] = du[irow];

}
}
disp = (("ElementList)(i))-ÅrgetRO"inc-disp;

 (("ElementList)(i))-Årdeforrn(disp);
}
deltaD = du;
return deltaD;

//-""------"--'--------
//
//
//
//
//
//
//
//
//

devide Ad

lntOAdelement

//---------------------
// getR and calculate
//Adeiementin elernt coord.
//---------------------
// report the deformation
// to each Element

/"--------------------------------------------------------- -----------------"/
Col-vector Element::deform(Col-vector du) {
//---------------------------------------------- -----
// Control 3 in Figure 2.19: rnake element K, F
//----m-- --------------------------------------------------------
 deltaD = du;
 method-ÅrdeforrnO; // report the deformation to Method
 makeFO; // calculateFvector of model makeKO; // calculateKmatrix of model return deltaD;
}

/de-------------------------------------------------------------------------*/

Figure 2.22: Implementation ofMethod deformO in the Structure module
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   When the displacement increment vector is reported to the Structure (line 2), the Struc-

ture calculates the new location of each node (Node) and deformation of each element (El-

ement) in element coordinate system (line 3 -- 41). wnat the Structure should do is only

above mentioned, and the other works are delegated to the Elements (line 40 calls line 46,

ElementList-Årdeform(disp)).

   And when the deformation message is reported. In the deformation method of the El-

ement (line 46), the data are transferred to the Method object, and the Mi thod object also

transfers them to the concrete Model object. And the Element also calculate the characteris-

tic matrices based on the Model object (line 58, 59). The Element is not necessary to know

how to calculate the matrices. Compared with Figure 2.20, these operations can be coded in

the same manner.

Example

A program using the Structure object is shown in Figure 2.23. In the input file (line 7), struc-

tural data and analytical method are described. This program is to analyze the deformation

of the stmcture corresponding to the designated top displacements. At first, we can recog-

nize that the Structure itselfcan be represented in the program code (line 6). And though the

Structure can make the characteristic matrices according to the deformation history (line 1O

and 15), it is not necessary to mention the loading history (line 1O and line 15 are the same).

   Program using the Strncture subsystem are very easy to understand what the program

carry out.

2.5 Load Subsystem

2.5.1 Outline

The Load subsystem shows a general external load, and is an object that is applied to a

structure. The demand for the Load in the structural analysis problem is to make a load vec-

tor. In the earthquake engineering field, an earthquake causes a seismic force to a structure.

Although an earthquake itselfis not a force, it is a good idea to model it as a load object.

2.5.2 Object-orientedAnalysis

Static Load

The load object is only a series of force data. When the object is applied to structures, it has

the meaning as the load. The static load has to know the applied point in a structure, and
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  1:
  2:
  3:
 4:
  5:
 6:
  7:
 8:
 9:
 ZN:
 11:
 12:
 13:
 14:
 15:
 16:
 17:
 18:
 19:
2N:
21:

Load Subsystem

#include Åqfstream.hÅr
#include "structure.h"

int mainO
{
 Structure "structure = new Structure(1)
 structure-Årconstruct("str.dat");
 structure-ÅrshowData(cout);

 structureN-ÅrmakeFO ;

 Col-vector D(structure-ÅrgetNurnDofO) ;
 D[1] = 1.N;

 structure-Årdeforrn(D) ;

 structure-ÅrrnakeKO ;
 structure-ÅrmakeFO ;

 return N;
}

   h=2       Section

        b=3

   YoungModulus : 2
Analytical Method : FEM

              lnitial State
            F = {o.o, o.o, o.e}T

Figure 2.23:

//

//

; //
//
//

//

//

//

//
//

//

include definition files
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start program

 generate structure object(ID:1)
setup structure
show data of structure

calculate nodal point force vector

set deformation vector

deform structure object

calculate stiffness matrix
calculate nodal point force vector

terminate prograrn normally

   Deform
D = {1 .0, O.O, O.o}T

  Deformed State
F = {O,048, O.O, O.24}T

Program Example using Structure Object and Results

based on the information , the Load object makes a load vector.

Seismic Load (Earthquake Package)

The earthquake wave is a series ofacceleration data, which is not a force. When the earth-

quake is applied to stmctures, seismic load occurs as the inertia load. Therefore, in order to

make a load vector, it is necessary to know the structural data, such as the mass matrix.

   Generally the earthquake wave is represented as three components ofNS, EW and UD.

There are time histories in one direction, and the time history is used by the calculation of

the Fourier analyses, etc. in order to verify the characteristics ofthe wave. Therefore, first of

all, the time history wave class (Mave) is made, and the Maves class is made as a set ofthree

Mave objects.

   The characteristics of the seismic wave is expressed by not only the time history and

the Fourier spectrum but also the response spectrum, the evolutionary power spectrum, etc..

Therefore, the Earthguake class is modeled to inherit the Maves, and it has operations to

calculate a response spectrum analysis, etc.. When a response spectrum or a strength demand

spectrum is calculated, it is necessary to carry out the response analysis. Since the analysis is

to solve a linearlnonlinear equation ofmotion ofa single degree offreedom, the Earthquake
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At:double
time : vector

data:vector

getDataO
scalingO
fourierO
getDeltaTO

setAppliedDOF(int)
makeR(int)

getData(dir,)
scaling(dir,)

fourier(dir,)

getDeltaTO te

M : matrix
OneL, OneV:vector

calcResponseSpectra(dir, )
caicEvoPowerSpectra(dir, )

makeR(int)

Figure 2.24: Class Diagram ofLoad Subsystem

object is modeled to reuse the Equation package.

   According to the analysis of the Load subsystem, including the Earthguake package, the

class diagram is shown in Figure 2.24.

2.5.3 Implementation

The Load subsystem is also implemented in C++ language. The example program using the

Load subsystem is shown in Figure 2.25.

   In this program, we introduce a static (line 14) and a seismic load (line 20), and apply

them to the stmcture (line 17 and 22). Therefore they can make the appropriate load vectors

(line 25 and 26). And although the Earthquake is a part of the Load subsystem, it can be

used alone. In this program, it is found that only the earthquake object can be used for the

calculation ofthe response spectrum (line 29).

2.6 Structural Analysis System

2.6.1 UserlnterfaceofSystem '
The conventional analysis system has the user interface program, but our stmctural analysis

system have no specific interface program. In the sense of users' usage, the main program
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 1:
 2:
 3:
 4:
 5:
 6:
 7:
 8:
 9:
IN:
11:
12:
13:
14:
15:
16:
17:
18:
19:
2N:
21:
22:

23:
24:
25:
26:
27:
28:
29:
3N:
31:
32:

#include
#include
#include
#include

Åqfstrearn.hÅr
Åqstdlib.hÅr
"load.h"
"earthq.h"

int mainO
{
  // ------- Setup Structure
  Structure "structure = new
  structure--Årconstruct("str.
  structure-ÅrshowData(cout);

}

 Structure(1);
dat");

// include

// start

definition'

program

files

// ------- Setup Static Load ---------
Loadde load=new Load; // generate load
load-ÅrsetWaveDataWithTime("static.dat"); // read data
load-ÅrsetAppliedDOF(5); // set DOF nurnber(5) of loading
load-Årapplied(structure); // applied to structure
// --------- Setup Seismic Load -------
Earthquake* earthq = new Earthquake; // generate earthquake
earthq-ÅrsetOneDirWaveDataWithTime(NS, "kobe-ns.dat"); // read data
earthq-Årapplied(structure);
    // applied to structure; earthquake object knows how to make
    // load vector referring the dof list of structure

// make Load Vector at 427th tirne step for structural analysis
load-ÅrmakeR(427);
earthq-ÅrmakeR(427);

// Earthquake object itself can calculate the ResponseSpectra
earthq-ÅrcalcResponseSpectra(NS, "res-ns.dat", N.N5);

return N; // terminate prograrn normally

Figure 2.25 : Program Example using Load and Earthquake Object
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150 m

4m
XMovableFixed/SupportSupport XplerXGIrderFoundatlon XMovable/Support

modelling

Figure 2.26: Objective Bridge

code (for example in C++, mainO{...}) should be corresponding to it. Since three sub-

systems have been developed understandably and implemented as class libraries in C++, the

main prograrn wouldn't be complicated from the user. This structural analysis system has no

limitation about the usability and the extendibility, because the system is just the program

code and we can rewrite the system itself according to the objective problem.

2.6.2 Example(SeismicResponseAnalysis)

The seismic response analysis of the bridge is introduced. The objective bridge is a three-

span continuous girder bridge shown in Figure 2.26. As shown in the lower part ofthe figure,

it is modeled a flame structure, which consists ofline elements, shoes and foundations. And

as the modeling method, the moment-curvature model (Takeda hysteresis model) is used for

the bridge piers, the elastic FEM beam is used for the girders and the spring model is used

for the shoes and the foundations. As the input earthquake motion, the JR Takatori Station

record (1995) is used.

   In Figure 2.27, the whole program of the seismic analysis system is shown. And it is

found that the seismic response analysis itself can be expressed by only few codes (in this

case, 51 lines, including comments). At first ofthe analysis, the bridge object is constructed

(line 12). And in order to know the vibration characteristics ofthe bridge, the eigen analysis

is carried out. Then the earthquake object (line 18) is generated and is applied to the bridge

(line 21). In line 24, the equation ofmotion is generated and the analysis is carried out by the

message passing (line 37 -- 48). As the results, the displacement and acceleration response

of the girder are obtained (line 46, 47).
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 !:
 2:
 3:
 4:
 5:
 6:
 7:
 8:
 9:
IN:
11:
12:
13:
14:
15:
16:
17:
18:
19:
2N:
21:
22:
23:
24:
25:
26:
27:
28:
29:

3N:
31:
32:
33:
34:
35:
36:
37:
38:
39:
4N:
41:
42:
43:
44:
45:
46:
47:
48:
49:
5N:
51:

#include
#include
#include
#include
#include
#include
#include

Åqfstream.hÅr
"equation.h"
"load.h"
"earthq.h"
"structure.h"
"method.h'T
"mdlstr.h"

int mainO
{
  // ------ Setup Structure ------
  Structure "bridge = new Structure(1);
  bridge-Årconstruct("5span.dat");

}

bridge-ÅreigenAnalysisO;

// ------ Setup Earthquake ------
Earthquake deearthq = new Earthquake;
earthq-ÅrsetOneDirWaveDataWithTime(NS,

earthq-Årapplied( "bridge);

"kobems

// ------ Setup Equation of Motion ------
EqOfMotion rkequation; /1equation = new EqOfMotion(new MdlStructure(bri
                        , new NewtonRaphson(
                          new NewrnarkMethod(N.
equation-ÅrsetM(bridge-ÅrgetMO); //
equation-ÅrsetDeltaT(earthq-ÅrgetDeltaTO); //
                                           //

in size =
Col-vector

bridge-ÅrgetNurnDofO ;
 R(size), acc(size), dsp(size);

// ------ Seismic Response Analysis
ofstrearn ACC("accout.dat");
ofstrearn DSP("dspout.dat");
for(int j=N; jÅqearthq-ÅrgetNurnDataO
  R = earthq-ÅrmakeR(j);
  equation-ÅrsetR(R);

}

equation-Årsolve O ;

acc
dsp

ACC
DSP

; j") {
    //
    //

// include

//
//

definition

generate bridge
setup bridge

// eigen analysis

files

object

// generate earthquake
.dat"); // read data

// apply earthquake to

generate equatlon
dge)

object

object

bridge

25))); // setup equation
set mass matrix ' f' rom structure
set analysys interval time
from earthquake

// get DOF from structure

// setup output

  //
get
set

fi1es

 start analysis
load vector from load object
load vector to equation

// solve      dequatlon

= equation-ÅrgetAO+earthq-ÅrgetData(NS,j)rkOne; // get
= equation-ÅrgetDO;

ÅqÅq ' ' ÅqÅq earthq-ÅrgetTime(j)
ÅqÅq ' ' ÅqÅq earthq-ÅrgetTime(j)

return N;

     // get displacement

ÅqÅq ' ' ÅqÅq dsp ÅqÅq endl; //
ÅqÅq ' ' ÅqÅq acc ÅqÅq endl;

// terminate prograrn

absolute

output

acc.

data

normally

Figure 2.27 : Seismic Response Analysis Program
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Figure 2.28: Results of Seismic Response Analysis

   The results of this analysis, including the hysteresis, is shown in (Figure 2.28). This is

the nonlinear problem, but the complicated calculations are completely concealed from the

user. This program is very simple and easy to understand what happens in the program.

2.7 Summary

In this study, the stmctural analysis system is analyzed, designed and implemented in the

object-oriented technique, and the ,stmctural analysis system in next generation is proposed.

The conclusions drawn from this chapter are summarized as follows.

1. The stmctural analysis system is divided into three subsystems of Structure, Load

  and ResponseAnalysis. The proposed system can carry out an analysis by message

  passing to each other. The analysis system itselfis a program code. Since, this system
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allows the explicit representation of stmctures, loads, equations and so on, it is easy

to under.stand, maintain and extend to other problem domains. This is an advantage in

not only the research field where new solution method is often developed but also the

educational field where it is important to understand the meaning ofthe whole system.

2. The ResponseAnalysis subsystem is modeled that the Equation package is the kernel.

  And in the Eguation package, we propose the model to express solution methods by

  three objects, DynamicType, IterationType and Model. The DynamicType defines the

  operations making prototypes of the effective matrices in a static and dynamic prob-

  lem. The IterationType encapsulates concrete solution algorithms and solves the equa-

  tion. The Model has a relationship to a structural object which calculate the stiffness

  matrix and the nodal point force vector for the Eguation. The Equation is the interface

  between users and solution algorithms and can be accessed by the users. The other

  objects are invisible from the users. Furthermore, since the solution methods are mod-

  eled by the Strategy pattern, the Equation has no influence on adding a new solution

  algorithm. As the results, this package becomes robust against the modification and

  the expansion.

3. The Structure subsystem is divided into the Shape and the Method packages. The

  Shape shape represents only the shape of the stmcture from the view ofthe users. The

  structural modeling methods are separated from the Shape, and are encapsulated as

  the Method package. As similar to the Equation package, the users can only access

  the Shape subsystem directly. Therefore in spite of the modeling method, the same

  expression can be used in the program code to denote a stmcture. And inheriting

  the Method, any modeling method can be used in the Structure subsystem. In this

  study, the FEM, the fiber model, the momentr-curvature model and the spring model

  are implemented as the modeling principles.

4. The Load subsystem shows a series of external load, and has a role to make external

  load vectors for the stmctural analysis system. Besides the static load object (Loacl),

  the Earthquake package is introduced. These objects can make the appropriate load

  vectors as they are applied to the Structure object. These objects can be used alone,

  e.g. for the calculation ofthe Fourier spectrum, and especially the Earthquake object

  can calculate the response spectrum and so on. Therefore the Earthquake object is

  usefu1 in the earthquake engineering field.

5. By the object-oriented analysis ofthe stmctural analysis system by the UML notation,

  it is possible that not only researcher in the structure analysis field but also researcher
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in the informatics field, such as programmers and system engineers, can share the same

knowledge about the system, and collaboration work can be realized.

ts

l
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Chapter 3

Seismic

TaRl

Response

Piers with

Characteristics

Hollow Section

3.1 General Remarks

The preparation of expressway can not only support the global activity but also construct

multiple transportation network, and the new expressway, such as the 2nd Tomei expressway,

is under construction in Japan. Since an expressway often crosses over a deep valley, it

requires many tall bridge piers. Generally for a tall pier, a hollow section is adopted in order

to reduce the seismic force.

   Though the hollow section can give the high flexural stiffness rationally, it is dithcult to

confine the concrete of the web part effectively, and the thinner web causes the deterioration

of the seismic performance, such as concrete shear resistance, fiexural ductility, etc., com-

pared to the fi11ed section. A great deal ofeffort has been made on the research ofstmctures

with hollow section, but almost all results are based on the static loading tests, and what

seems to be lacking is the research of the real behavior under earthquakes. Only few at-

tempts have so far been made at the dynamic evaluation experimentallyi), and it is hardly to

say that the behavior under severe earthquakes is examined suMciently.

   In this study, to begin with, in order to investigate, the fundamental characteristics ofRC

columns with hollow section, the static cyclic loading tests were canied out. The study of

quantative evaluation on shear deformation of a hollow pier has been strangely neglected

until now although many researchers indicated that a hollow member often causes a shear

failure. Therefore, in these tests, in addition to the conventional evaluation, such as the load-

displacement relationship, the deformation characteristics were examined by separating the

whole deformation to the flexural, shear and rotational components. Next, the seismic per-

formance is evaluated by hybrid earthquake loading tests. Considering the similarity law, the

61
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Table3.1:Parameters ofTestUnitsin StaticTests

lld AxialLoad(MPa) StirrupRatio(O/o) IntermediateTie

H4-1 o.o O.34 W
H4-2 wlo

H4-3 4.0 W
H4-4 wlo

3.7 O.34
H4-5

H2-1 O.17 wlo

H2-2
2.0

O.34

actual seismic response ofthe bridge can be reproduced in the tests.

   This chapter is described on the basis of the works by Iemura and Takahashi2-5).

3.2 Deformation of RC Piers with Hollow Section

3.2.1 FundamentalPerformance

Description of Test Units

All test units had the same section dimensions, which is a 320 mm square cross section with

85 mm thick walls (Figure 3.1). The test parameters were the shear span ratio lld, the axial

load, the stirrup ratio and the usage of intermediate tie (Table 3.1). In the table, the first

character of the unit name "H" denotes the hollow section type and the second character

denotes the shear span ratio. In order to evaluate the effect ofthe hollow section clearly, the

hollow section starts the bottom. The basic model was the column with lld = 4.0 (the height

of 1200 mm). And, the test units with lld = 2.0 were prepared in order to examine the effect

ofthe hollow section on the shear behavior.

   The material properties of steel and concrete are shown in Table 3.2, Table 3.3 respec-

tively. The high-early-strength Portland cement was used and the maximum aggregate size

was 15 mm.

Loading System and Test Procedure

Two digitally controlled actuators were used for Ioading (Figure 3.2, Photo 3.1 -- Photo 3.6).

The actuators are made by Tokyo Koki - Schenck, and the loading capacity of Å}400 kN.

These actuators were controlled by the control unit made by Shimazu Co. Ltd. In order

to apply the vertical load, the linear roller way (Nippon Tomson - IKO) was installed at
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    c) H4 series (H4-4) d) H2 series (H2-2)

       Figure 3.1: RC Pier Test Units with Hollow Section
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Table3.2:PropertiesofSteel

YieldStrength(MPa) UltimateStrength(MPa)

LongimdinalBar DIO 373 545

Stirrup D3 299

Table3.3:PropertiesofConcrete

CompressiveStrength(MPa) TensileStrength(MPa) BendingStrength(MPa)

32.8 3.6 6.7

Digital Controller

m
 #2
IMHIHIII

e
ma

lllllllllHl

11111

Computer for Analysis

Actuator

-N-

@
Actuator

+50 [mm]

-50 [mm]

tlllt

@

    e
+125 [mm] -125 [mm]

@

Computer for Control

Figure 3.2: Loading System
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the base ofthe vertical actuator (Photo 3.2). Two computers were used, and the one con-

trols the actuator controllers and the other controls the test (generate loading waves, save

data, etc.) (Photo 3.5). The displacement and the strain were measured by the static strain

measurement (Photo 3.6).

   The horizontal actuator imposed the horizontal displacements and the other one applied

the axial load. The horizontal displacement was applied at a quasi-static rate in displacement-

controlled cycles to rotation angles R = Å}O.Ol, Å}O.02, etc., until failure of the column oc-

curred, where R = llA ; l = shear span; and A = actuator's displacement. The axial load is

shown in Table 3.1

Load-Displacement Hysteresis Loops

Figure 3.3 shows the hysteresis loops for horizontal load - horizontal displacement at the

top ofcolumns. And, Table 3.4 shows the numerical data such as ductility factor etc.. In this

study, the ultimate displacement is defined as the displacement at which the load decreases

to the 80 percent of the maximum load.

   From the results of H4 series, it is found that the H4-4, 5 of which the stirrup spacing

was short, exhibited a large ductility Also, as for H4-5 with intermediate ties, the restoring

force after the maximum state decreased more gradually than that of H4-4. 0n the other

hand, H4-2, 3 had almost the same performance of H4-4, while H4-3 had the intermediate

ties. From the above results, it is found that the intermediate ties can prevent the buckling of

longitudinal bars and improve the confinement ofconcrete.

   H4-l, in case of no axial load, showed very large ductility compared with the others.

Generally, The compressive stress ofpiers with hollow section is about 3 -- 5 MPa while

that of nomial piers with' fi11ed section is .a.bQu..ti M...?...a. .I"'s well known that the deforma-

tion performance around the ultimate state is deteriorated as the axial load becomes large.

Therefore piers with hollow section have a great infiuence ofthe axial load.

   In the case of H2 series, in spite of the amount of stirrup, soon after the yielding of

longitudinal bars, the rapid decrease ofrestoring force occurred.

   As the overall tendency, restoring force is rapidly decreasing after the maximum state.

The main reasons are the spalling of concrete occurs not only outside but also the void and

the buckling of longitudinal bars.

Failure Mode

Figure 3.4 shows the damage process of each specimen in the loadings. H4 series finally

failed in flexure at the bottom. After the maximum state, the buckling of longitudinal bars

and the spalling the concrete were observed, and the restoring force decreased rapidly. Fo-



66 Chapter 3. Seismic Response Characteristics ofRC Tall Piers with Hollow Section

1

1

i
j

Photo 3.1: Test Setup for H4 Series
1
:

;

i

l
i

Photo 3.2: Linear Roller Way for Vertical Actuators
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'

;

Photo 3.3: Test Setup for H2 Series

'

Photo 3.4: Control System
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Photo 3.5: Computers for Controlling Tests

1

Photo 3.6: Measuring System for Strain
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Table3.4:Results ofStaticTestsofRCPierswithHollowSection .

YieldDispl.

(mm)

MaximumLoad
(kN)

UltimateDispl.

(mm)

DuctilityFactor

H4-1 14.4 68.9 71.81 4.99

H4-2 10.2 91.9 28.90 2.83

H4-3 12.1 91.4 33.89 2.79

H4-4 9.6 86.9 41.04

H4-5 9.3 86.1 40.66 4.36

H2-1 9.1 181.7 11.88 1.31

H2-2 7.8 191.0 17.59 2.25

cusing on the crack patterns, the flexural cracks were dominant, but the diagonal cracks were

observed in the web part. In H4-1 under no axial load, horizontal cracks were dominant.

   In case ofH2 series, the diagonal cracks were observed in the web part at an early stage

ofloading. Finally these columns failed in shear by about 60-degree diagonal cracks.

   The characteristics of the hollow RC columns are shown in crack pattern well. That is,

the flexural cracks in the flange part changed into the diagonal cracks drastically when they

progressed into the web part (Figure 3.5). These diagonal cracks intersected under the cyclic

loading, and the cracks ofvertical direction generated in the center ofthe sections. Though

this phenomenon occurs even in case of fi11ed section, it is a particularly problematic issue

when it occurs in the thin web part of hollow sections, generating large cracks of a sharp

angle in case of hollow sections. These facts indicate that the influence of shear cannot

be neglected in hollow piers and it is necessary to examine the shear behavior under cyclic

loadings carefu11y.

Strain of Stirrups

The strains of stirrups at each peak of input waves are shown in Figure 3.6. Whereas the

strains of H4 series gradually increased, the strains of H2 series became quite large from

the early stage of the loading. This result also means that the shear deformation was large

in the H2 series. Also, the peak of strain about height of 25 cm is observed. This height

was just the same of the intersection of the diagonal cracks, and the width of cracks became

large during the cyclic loading. It is possible to assume that this fact shows the performance

deterioration by cyclic loading from the viewpoint ofthe stirrup strain, too.

   Compared H4-3 with H4-4, the strains of H4-3 which had low amount of stirrup were

small. In the test, it is observed that the longitudinal bars of H4-3 were buckled between
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stirrup intervals. Therefore it seemed that the ultimate state ofH4-3 is caused by the buckling

oflongitudinal bars, and the stirrups couldn't exhibit the performance effectively.

Shear Capacity

In the JSCE Standard Specification for Design and Construction of Concrete Structures

(JSCE Code)6), the design shear capacity ofRC members (Vyd) is defined as the summation

of the design shear capacity of concrete without shear reinforcement (Vcd) and the design

shear capacity carried by transverse reinforcement (Vsd). Also, after the crack occurrence,

Vcd is constant and the increment ofshear force is resisted by the transverse reinforcements.

Figure 3.7 shows the sharing ratio ofthe concrete contribution (Vc) and the stirrup contribu-

tion (Vs) to the applied shear force (V), in which the Vc is simply calculated by subtracting

Vs estimated based on the stirrup strain from the applied shear force. The design shear

capacity ofthese specimens is 102 1ctNI (Vc = 56.1 klN, Vs = 45.9 klN).

   As for H4-4, the shear force of experiment was less than the shear capacity, but this is

because this specimen failed in flexure. On the other hand, the shear force ofH2-2 is larger

than the design capacity. But around the ultimate state, the resistant load decreased rapidly

and fually became smaller than the design load. This phenomenon is remarkable in case of

cyclic loading state. Therefore it is necessary to establish the rational shear design method

considering the deterioration of concrete shear resistance due to cyclic loading, especially

earthquake loading.



74 Chapter 3. Seismic Response Characteristics ofRC Tall Piers with Hollovv Sectjon

60

200

200 320

15,

a) Hollow Section

b) Filled Section

Loading 320

Hollow

670 1200

D6@50

5-DIO

Unit(m

750

300

      c) Arrangement

Figure 3.8 : Cross Section of Specimen

3.2.2 Evaluation on Deformation Components

Outline

As mentioned in the previous section, it became clear that the RC pier with hollow sec-

tion cannot neglect the effect by the shear behavior, and that especially it is necessary to

pay attention to the deterioration of shear resistance due to cyclic loading. These facts are

also indicated by previous researchers, but these facts were based on the loadrdisplacement

relationships and the crack pattern, and no studies have been tried to measure the shear de-

formation directly. Therefore, in this section, cyclic loading tests of hollow RC columns

with potentiometers were carried out, and the three components, the flexural, the shear and

the rotational components were measured.

   The hollow RC specimens had the section dimension, which was a 320 mm square

cross section with 60 mm thick walls (Figure 3.8(a)). In order to emphasize the effect of

on the hollow section, the specimens of this study (H4-6 e- H4-8) had the thinner web than

Figure 3.1. Furthermore the specimens didn't haVe the stirrup on inside face. H4-8 was

designed so that the shear capacity may be smaller than the flexural capacity. In addition,
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Table 3.5: Parameter of Specimen

SectionShape FlexuralCapacity

(1(N)

ShearCapacity

(ldN)

Repetition

(cycles)

H4-6
125.

10

H4-7 Hollow

H4-8 76. 40. 3

F4-1 Filled 79. 146.

a pier model with fi11ed section (F4-1) was also made for the comparison (Figure 3.8(b)).

Here, the first character of the name "F" denotes the fi11ed section. Compared it with the

others, the difference of the failure mode due to the cross-sectional shape is also examined.

   The axial load of3.7 MPa was applied to the spgcimens. The horizontal displacement

was imposed at a quasi-static ratio in cycles to displacement ductility factor each of" =

Å}1, Å}2, etc, until premature failure of the specimens caused. In order to examine the effect

of earthquake characteristics such as Type I and Type II earthquake, in this study, the number

of repetition of the constant amplitude in the loading wave was selected as a test parameter

   The test parameters of specimens were the cross-sectional shape, the shear capacity and

the repetition of the loading (Table 3.5). In the Seismic Design Specification of Highway

Bridges7), the 1O times repetition in cyclic loading tests means the Type I earthquakes (plate

boundary earthquakes) and the 3 times repetition means the Type II earthquakes (inland

direct strike earthquakes).

Instrumentation

The shear deformation was measured by the potentiometers between embedded marks in the

front ofcolumns and the flexural deformation was measured by the potentiometers attached

to the sides. The displacement ofthe pull-out ofthe longitudinal bars from the footing was

measured by the bottom potentiometers attached to the sides. And the load and the displace-

ment at the loading point, the strain of longitudinal bars and stirrups were also measured

(Figure 3.9, Photo 3.7, Photo 3.8).

Calculation ofDeformation Components

The deformation ofpiers, 6, is composed of the fiexural component 6f, the shear component

6, and the rotational component 6,.

6=6f+6s+6r (3.1)
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Photo 3.7: Potentiometers for measuring shear deformation
!

i'

r

  si'.'l'

re•//

   sspa

Photo 3.8: Potentiometers for measuring flexural deformation



:

/

i

78 Chapter 3. Seismic Response Characteristics ofRC Tall Piers with Hollow Section

x

eqb

 B

5yB'
N---.-IN -----

xx
xx

-----------
----- ---- --

eqd-------

xx
xN

eqd /lD/f
l xx l

N - l

Nx
NNx

x

l

xx
xx

xx
N

lll Nx
xN

NN

'e xi-xtC'
C

D'

                  A

                        Y eqc
                        Figure 3.1O: Shear Deformation

   The flexural component 6f is obtained by the integral ofthe curvature.

                   if =fÅë'Ydy =Z (ip iY, +ip,- iY,-i) Ay, 12 (3 .2)

where Åë is a curvature of the zone i, Ayi is a length of the zoneiand yi i'sa distance of i-th

section from the loading point.

   According to the research' of Maeda et al.8), the shear component i, is calculated by the

following equation, which is derived from the geometric relationship in Figure 3.IO.

                           6,=(Aii-A2i) 12 cos ei (3.3)

where Aii, A2i are a diagonal displacements, ei i's an angle between the potentiometer and the

horizontal surface.

   The rotational component 6, is calculated by the rotation angle e at the column base as

following.

                                 6, =H•e (3.4)
where H is the height of the column.

   Since the measurement zone was until the middle of the column, the deformation of the

upper part is calculated estimating the elastic behavior. -

Experimental Results

The skeleton curves ofthe specimens are shown in Figure 3.11.



3.2. Deformation ofRC Piers with Hollow Section 79

2
ti

R
3

2
e
R
s

100

50

o

-50

-100
  -60

100

50

o

-50

-100
  -60

-30 O 30
   Displ. (mm)

60

-30 O 30 60
   Displ. (nmi)

        Figure 3.1l:

a
v'R
s

2
ij

R
s

1OO

50

o

,50

-100
  -60

1OO

50

o

-50

-100
  -60

-30 O 30
   Displ. (mm)

60

Skeleton Curve

-30 O 30
   Displ. (mm)

60

Effect of Cross-Sectional Shape The effect of the cross-sectional shape is indicated by

the comparison between H4-7 and F4-1. From the skeleton curves, the fiexural capacity is

almost the same, and it is found that the hollow specimen had the eMcient flexural capacity.

However, the ductility ofF4-1 was larger than that ofH4-7. Furthermore, the deterioration

ofrestoring force ofF4-1 after the maximum state was more gradual.

   The crack patterns after the loading are shown in Figure 3.12. From the figure, it is found

that the crack patterns of H4-7 and F4-1 were different in spite that both of them failed in

fiexure. In H4-7, the fiexural cracks changed into the diagonal cracks in the web part, while

the flexural cracks of F4-1 kept horizontal when they progressed. This result suggests that

the shear deformation ofhollow columns is larger than that of filled columns.

Effect of Repetition Compared the specimen with 10 times repetition (H4-6) with the

specimen with 3 times repetition (H4-7), it is found that H4-6 deteriorated rapidly. And

although the large difference could not be seen in their failure mode, the progress of the

cracks in H4-6 was accelerated by the repetition, this caused the early ultimate state. These

results were obtained from the results of filled section specimens. But because of the thin
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Figure 3.12: Crack Patterns
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web, this phenomenon becomes serious for the hollow colums. Therefore for tall piers with

hollow section, we have to pay attention to the Type I earthquakes.

Transition ofEach Deformation Components At first, the precision ofseparating defor-

mations is shown in Figure 3.13. The x-axis denotes the direct measured displacement at the

loading point and the y-axis denotes the sum of the calculated by the Equation (3.1)--(3.4).

Since almost all points are plotted on the diagonal line, the separation seems to be good.

   To begin with, the deformations in the each every cycle is plotted in Figure 3.14. Here,

since the repetition cycle of H4--6 is 1arge, the lst, 5th and 10th cycles are extracted and

plotted in order to compare with the others. As a general tendency, each component volume

increases during the loading. During the repetition ofthe same amplitude, the shear com-

ponent keeps to increase, whereas the flexural component keeps constant or decreases. It is

quantitatively shown that the transition from the flexural deformation to the shear deforma-
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tion is induced by cyclic ioadings. And, the rotational component shares large in the whole

deformation, and therefore the pull-out of the longitudinal bars must take into account the

evaluation of deformation of RC piers.

   Next is focusing on the shear component. The ratio of the shear component to the sum

of the flexural and shear components is used as the index of this study, because the shear

component is quite small than the rotational one. The transition of the shear component of

each specimen are compared in Figure 3.15. To begin with, it is found that the ratio of

the shear component in the filled specimen (white circle) is smaller than the other hollow

specimens (black points), and this result agrees with the engineering intuition.

   And it is also found that in case of hollow section, the ratio of the shear component is

1arge in the early loading stage, but that it only increases slightly during the loading. The

reason for the moderate increase of the ratio is that the final failure is dominated by the

flexural deformation because these specimens were failed in flexure. On the other hand, in

case of H4-8 which failed in shear, there is a steep increase and in case of F4-1, it is small in

the early loading stage, but increases with the progress of the loading and finally increases

up to the 10 O/o ofthe deformation.

3.3 Seismic Response of RC Tall Pier with Hollow Section

3.3.1 GeneralRemarks

Although several research on the seismic response of bridge piers with hollow section has

been made, almost all of them were based on the static cyclic loading tests or the numerical

analysis. However, as mentioned in previous section, since the failure mechanism of RC

hollow piers is complicated, various assumptions have to be considered in the numerical

analysis. Therefore, in this section, in order to investigate the real seismic behavior of RC
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hollow piers, the hybrid earthquake loading tests were carried out.

   At first, in order to examine the response characteristics considering an inland direct

strike earthquake (Type II earthquake), the Kobe JMA record (NS direction) (Figure 3.16)

in the 1995 Hyogo-ken Nanbu Earthquake was inputted into the specimen. In usual cyclic

loading tests, the gradual increasing input wave is used. But an inland direct strike earth-

quake, like the Kobe JMA record, shows a very strong power in the beginning ofthe motion.

Therefore the main aim ofthis test is to investigate the response characteristics with an initial

large deformation using real response history due to the Kobe JMA record.

   Second, in order to investigate the seismic performance oftall piers with hollow section

designed by the seismic intensity method, the hybrid earthquake loading tests considering

the similarity law were canied out. Since the tall pier has the long natural period, the Kai-

hokulryo record (LG direction) (Figure 3.17) in the 1978 Miyagiken-oki Earthquake was

also used in addition to the Kobe JMA record. This earthquake is used as a plate boundary

earthquake (Type I earthquake).

/
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3.3.2 HybridEarthquakeLoadingTestMethods

The hybrid earthquake loading test (or pseudo dynamic test) is a computer-controlled exper-

imental technique in which direct step-by-step time integration is used to solve the equations

of motion. The hybrid loading test has been used to test structures that exceed the size,

strength or weight limits to test on shaking tables while using only the test equipments as in

static cyclic loading tests. With the test, the following characteristics are verified:

                                                          te

e Durability and stability against earthquake

e Residual displacement requirements

e Energy dissipation under earthquake

   And considering the similarity law, this test method can evaluate the real response of

structmes9). Several techniques have been proposed, and in this study, the similarity law

of the frequency characteristics is adopted. In this technique, the frequency characteristics

of the model is considered to be the same as that of the real stmctute, and the equation of

motion of the model is solved in the computer. According to this similarity law, when the

length ratio of the actual bridge to the specimen is S, the amplitude of the input earthquake

motion should be set to be 11S and the time scale is the same between them. Since the

response analysis in the model properties is carried out, the response ofthe real srmcture can

be obtained by the results applying the similarity law.

3.3.3 Response Characteristics with Initial Large Deformation

Outline

In this test, focusing on the loading history, the failure by earthquakes is compared with the

results ofthe cyclic loading tests. Therefore the same specimen ofSection 3.2.1 was used in

this test.

   The specimen had a span length of 1200 mm and a spacing ofstirrup of50 mm. In the

hybrid loading test, this specimen was assumed to be designed as the tall pier which natural

period is 2.0 sec. The other parameters were decided from the results of the static loading

tests. The damping coethcient in the numerical analysis part was set to O.O1. And, the test is

carried out in about 5 minutes, and it becomes a loading rate of about 111O for real time.

   As an input earthquake motion, the Kobe JMA record (Type II) was used. To evaluate

the seismic performance after the large deformation, the input motion was adjusted to 13 O/o

amplitude ofthe original wave.
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Experimental Results

Load-Displacement Hysteresis and Time Histories The loadTdisplacement hysteresis

loops, the acceleration and the displacement time histories are shown in Figure 3.18. And,

in the diagram of the hysteresis loops, the skeleton curve of H4-3 in cyclic loading test is

also shown.

   In the hysteresis loop of the hybrid loading test, the specimen exhibited the stable re-

sponse although it had responded up to the ultimate state. But the restoring force in the

negative displacement side was smaller than that in the positive side. It seems to be a reason

that in the positive side the pier responded up to the ultimate state at once whereas in the

negative side the deformation gradually increases. It is similar that the restoring force in the

push-over loading test exhibits to be larger than that in the cyclic loading test. As Kawashima

et al. pointed outiO), the loading history has the great influence on the performance ofpiers.

Crack Patterns Crack pattern after the test is shown in Figure 3.19. In this figure, it is

found that the flexural crack didn't tum into the shear cracks even when they progressed

into the web part in the hybrid loading test. This phenomenon is also related closely to the

loading history. That is, in cyclic loading tests, the damage is accuniulating gradually in the

web part, and because of the deterioration of stiffness the influence of shear becomes larger.

On the other hand, when large deformation would occur in the early stage of responses, the

cracks are developing as the usual flexural cracks because the web part is still undamaged.

   Comparing the results of the cyclic loading and hybrid loading tests, not only the hys-

teresis skeleton curve but also the crack pattem ofthe cyclic loading tests are different to that

of the hybrid loading test of the Kobe JMA record. From this result, in order to assess the

seismic performance of RC stmctures, especially with hollow section, it is necessary to take

account with the effect of loading history of earthquakes.

3.3.4 Te sts of Specimens Assuming Real Bridge

Outline

In the past researches on RC hollow piers, the specimen with only hollow section were used.

However in actual bridges, the hollow piers have the fi11ed section at their plastic hinge zone.

This kind of stmcture can avoid the brittle failure at the bottom due to the hollow section, but

the failure might occur at the connection between the hollow and the fiIled section at where

the fiexural capacity changes rapidlyii). In this study, the hollow RC columns assuming

the real bridge were constructed, and the seismic performance was examined by the hybrid

earthquake loading tests considering the similarity law.



86 Chapter 3. Seismic Response Characteristics ofRC Tall Piers with Hollow Section

                    Load-Deformation Response
                 120

                                                ts                 60
              A              &
              v               oO               u
               o              m
                 -60

                -120
                   -50 -25 O 25 50
                         Displacement (mm)

  30

?15
co

vg
o'g o
ts

68
Åq-15

 -30

                           Displ. (m)

  50
                                        '
  25
1.b..

E
vx
-q' O
en

ta•-

 -25
                               '
 -50

                                  '                           Displ. (m)

       Figure 3.18: Results ofHybrid Earthquake Loading Test



3.3. Seismic Response ofRC Tall Pier with Hollovv Section

diagonal crack
  in web part
   (450-6oO)

diagonal cracks

     cross

.HOLLOW

yt'N--
~y5

Jh

/Å~

Static Cyclic Loading Test

HOLLowt
-

A

.....

Å~
x

/
N

Pseudo Dynarnic Test

  (Kobe JMA)

flexural cracks

in web part

87

Figure 3.19: Crack Pattern

59.5 97.0 97.097.059.597.0

4.0-
21.0 27.5

36.5 36.5
48.0

7 7.0 7.0
j 7.5 iUnit(M)

'

Figure 3.20: Objective Bridge

   As the input earthquake motion, the Kaihoku Bridge record (Type I) and the Kobe JMA

record (Type II) were used.

Assuming Real Bridge Pier and Specimens

The bridge pier of the assuming the bridgei2) is shown in Figure 3.20. It is the RC tall pier

with hollow section, which had a 7 Å~ 9 m rectangle cross section with 1.5 m thick walls and

a height of 36.5 m (ajd : 5.2). This bridge was designed by the seismic intensity method

in O.25. Double ofD51 and a single D32 were used as the longitudinal reinforcement. The

interval ofstirrup was 15 cm and the intemiediate ties were arranged in the pitch of60 cm.

The weight ofthe superstructure was 53.8 MN and the bridge pier weight was 3.1O MN.

   In this test, the specimens were constmcted in the transverse direction ofthe bridge pier.

In respect ofthe reinforcement ratio, the stirrup ratio and the wall-thickness ratio, specimens

were designed to be almost same as the actual bridge pier. The specimen was the 1122 scaled

model, which had a 320 mm square cross section with 67 mm thick walls and a height

of 1532 mm (ald : 5.0) (Figure 3.21). The 6 mm diameter deformed bar (SD295) was

used as the longitudinal reinforcement, and the 3 mm diameter deformed bar (SD295) was

used as the stirrup. And, the plastic hinge zone ofthe specimen has the fi11ed section. The
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Table 3.6: Parameters of Real Bridge and Specimen

Widthof

Section

(m)

Shear

Span

(m)

Weightof

Superstruct.

(tD

Weight

ofPier

(tf)

Ratioof

Rebars

(O/e)

Ratioof

Stirrup

(o/o)

Ratioof

Wall

toSection

Actual 7.0 36.5 5489.9 1167 2.99 2.25 O.214

Specimen O.32 1.53 274 O.31 2.35 2.27 O.209

comparison between the assumed actual bridge pier and the specimen is shown in Table 3.6.

   Based on the similarity law, time axis was scaled in 111, the amplitude ofthe input earth-

quake and the weight ofthe superstructure were scaled in 1122.

Experimental Result

Load-Displacement Hysteresis and Time Histories The loadrdisplacement hysteresis

loops and the time histories are shown in Figure 3.22 and Figure 3.23. 0n the hysteresis

loops, the skeleton curves of results of the cyclic loading tests was shown. The test of the

TypeIearthquake was stopped at 15 seconds due to the accident of the equipment, but the

principal response of the pier can be evaluated from this results. The results were shown in

value of the actual bridge pier.

   The displacement responses ofboth tests were almost the same in spite ofthe input accel-

eration ofthe Type I earthquake whose amplitude is about the halfofthe Type II earthquake.

The value of the acceleration response spectrum of the Kaihoku Bridge record is 1037 gal

around the period of 1.37 second which is the natural period of the actual bridge pier, and

that of the Kobe JMA record is 1172 gal. That is to say, there is no significant difference

on the acceleration response of this lohg-period structure like this bridge pier. It can have

been confirmed experimentally that the tall piers with a long period are influenced by Type I

earthquake which dominant period is a relatively long.

   And, although the pier had the 6.4 m square cross section and the height of about 30 m,

it has been defomied up to only O.47 m, and in the both tests the pier exhibited the elastic

response. These results tells us that the tall pier designed by the current specification is very

safety against strong earthquakes such as not only the TypeIearthquake but also the Type II

earthquake, and it has a good seismic performance.

Failure Mode Although the displacement responses ofboth tests were almost the same, the

difference can be observed in the failure mode, especially in the crack pattern (Figure 3.24).

At first, in regard to the number and the region of cracks, the few cracks in the test of the
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Type II earthquake only appeared in the 2D region (640 mm) above the bottom, but in the

test of the TypeIearthquake many cracks appeared in the 3D region (960 mm) above the

bottom and the interval of cracks was almost the same. In addition, there is large difference

for the cracking phenomena of right and left side in the test of the Type II earthquake. The

severe crack appeared in the right side compared with the left side. On the other hand, the

crack pattern ofthe pier under the Type I showed symmetric. It is considered that this result

is affected by the characteristics of the seismic loading history of the Kobe JMA record,

which might cause a large deformation in one direction.

3.4 Obj ect-

tures

Oriented Cyclic Loading Analysis for RC Struc-

3.4.1 Basic Algorithm of Cyclic Leading Analysis

The cyclic loading test is the method to force the displacement history at any point of test

units. In order to simulate this test method using the multi degree of freedom system, the

boundary condition is designated in temis of the combination of the displacement and the

load: at the degree of freedom of the loading point, the displacement is prescribed by the

loading history, and at the other degrees of freedom, the nodal point force is zero.

   In this section, we make the program which takes into account various load distribution

patterns, e.g. the inverse triangular patterni3). The objective of this problem is to find the
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vector dÅík) which satisfies the conditions

                                        eT dÅík)=Jct.p,. (3•5)
                      KÅík.-,i)(dÅík.),-dÅík.-,i))+FÅík.-,i)=pSk.),t (3.6)

where KÅík.Mii) is a stiffness matrix ofthe structure, FÅík.-i) is a nodal force vector ofthe structure,

pÅík.)i is an unlmown scalar value, xt.p,. is the specified top displacement, t is the vector which

represents the loading pattern, and e is the vector which represents the displacement pattern.

In case of the cyclic loading test which apply a loading history at the top of a stmcture,

t, e = {O, O, ..., O, 1}. In case ofthe inverse triangular loading pattern, t = {1, 2, 3, 4, ..}.

   For the displacement increment, it is assumed that

                             Ad(k).dÅík.),-dÅík.mi) (3.7)

   Substituting (3.7) into (3.5) and (3.5), we have

                             HÅík.-ii)Au(k)=bÅík.-ii) (3.8)

where

                         .Åík.-,i).[Kg./ti" -,tl (3.g)

                          Au(k) =( ApdÅí,.()i) )- (3 10)

                          bÅík'-i)=(x,.,,.-.7Åít7'bl').k.m,i)) (311)

   Based on (3.8), the analytical algorittm is as follows:

  1. Definet

  2. Give the loading displacement ofthe top xtop,n+i at time tn+i

  3. Make HÅík.-i)

  4. Make bÅík.-i) using the data in the previous iteration

  5. Solve (3.8) and obtain the unknown increment Au using

  6. 0btain the displacement increment ofthe structure Ad from Au

  7. 0btain the displacement vector ofthe structure at time t.+i using the equation

                                dSk.), = dSk.-i) + Ad
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3.4.2 ColumnTest Object

In Chapter 2, the object-oriented srmctural analysis system was developed. For developing

ofthe cyclic loading analysis for RC structures, the Structure subsystem can be used.

   The Stracture subsystem has already the shape of structures and the modeling methods.

But the installed modeling methods are based on the displacement method. In order to

simulate the cyclic loading test, the ColumnTest object is made. This object has a Structure

object and calculates HSk.-i), bÅík.1i), etc. using KSk.-ii) and FÅík.-i) of the structure, based on Eq.

(3.9), (3. 1O), and carrys out the cyclic loading analysis according to the algorithm mentioned

above.

   Looking at the algoritlm, it is found that the procedure is similar to the Equation sub-

system. Since the problem is nonlinear, it is necessary to calculate the solution iteratively.

Therefore as the solution method of this object, the Newton-Raphson Method is adopted.

The class diagram and the sequence diagram of the ColumnTest are shown in Figure 3.25

and Figure 3.26, respectively. Comparing Figure 3.26 with Figure 2.5, it is easy to under-
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stand what this object does.

   The ColumnTest object is implemented in C++ language. The definition of class (Iine

7 - 37) and the main program (line 39 - 67) are shown in Figure 3.27. Since the Colum-

nTest object has the structural object, the ColumnTest object only take the sequence of the

cyclic loading into account. We can get the stmctural data from the Structure object in the

Co lumn Test obj ect.

3.4.3 Example

In order to verify the performance of the code, the cyclic loading analysis for H4-4 is carried

out.

Analytical Model

As the structural model ofthe column, the combination of the fiber model and elastic model

are used. The analytical model has seven nodes and six elements. The three element above

the bottom is modeled by the fiber model, and the others are modeled by the elastic beam

model. The section is divided into three layers, which are the core concrete, the cover con-

crete and the reinforcement layers. In the analysis, the loading histories are adjusted in order

to consider the pull-out of the longitudinal bars.

Constitutive Law of Concrete

As the constitutive law for the concrete, the Risti6 model is usedi4) (Figure 3.29). This

model constitutes the nine rules. This model has been implemented as the MatConcRistic

object in the Material Package.

Constitutive Law of Steel

As the constitutive law for the steel, the Menegotto - Pinto model (Risti6 revised version)

is.usedi4) (Figure 3.30). This model can take the Bauschinger effect and the strain harding.

This model has been implemented as the MatStelRistic object in the Material Package.

Results

The load7-displacement hysteresis loops of this analysis and the experiment are shown in

Figure 3.31. And the stress-strain hysteresis loops of the concrete and the reinforcement

fibers are shown in Figure 3.32.
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 1:
 2:
 3:
 4:
 5:
 6:
 7:
 8:
 9:
IN:
11:
12:
13:
14:
15:
16:
17:
18:
19:
2N:
21:

22:
23:
24:
25:
26:
27:
28:
29:
3Q:
31:
32:
33:
34:
35:
36:
37:
38:
39:
4N:
41:
43:
43:
44:
45:
46:
47:
48:
49:
5N:
51:
52:
53:
54:
55:
56:
57:
58:
59:
6N:
61:
62:
63:
64:
65:
66:
67:

#include
#include
#include
#include
#include

Åqfstrearn.hÅr
Åqstdlib.hÅr
Åqstdio.hÅr
"structure.h"
"method.h"

class ColurnnTest {
public:
  ColumTest(Structure 'kstr);
  virtual NColurnnTestO {}
  virtual void setUpO;
  Gen-rnatrix makeHO; Gen-matrix getHO
  Col-vector makeBO; Col.vector getBO
  Col-vector ca!cDeltaUO;
  virtual void setDeltaD(Col.vector);
  void solveO;
  int convergenceCheckO ;
  virtual void updateO;
  Col-vector setAxia!Load(double ax);
  double setDispTop(double x);
  Col-vector loadingHistory(double wamp,
                       , int nredo,
  int getLoadNurnO { return ntotal; }
protected:
  Structure ftstructure;
  double x-top;
  Genmrnatrix H;
  LU-matrix ltlu;
  Col-vector B;
  Col-vector t;
  Col-vector e;
  Col-vector deltaU;
  Col-vector R;
  double d;
  Col-vector accurn-dU;
  Col-vector dspHistory;
  int ntotal;
};

int
{
  i

}

}

main(int

f(argcÅq2)
 cout ÅqÅq
 exit(1);

argc, char" argv[])

;

;

    int
double

// read

// read

varlous header

Structure

// define

files

Subsystem

ColumnTest object

l,i ::i! xt,1i,i'// make bÅík.-i'

// transferAd(k)to structure
// solve dS?i

 // set
 // set
 ncyclic
udsp);
 // get

{
"Usage: static datafile" ÅqÅq endl;

Structure *structure = new Structure(1);
structure-Årconstruct(argv[1]);

//

//
//

axial load
displacement at top
  // make loading
  // h2story data
total step of loading

structure

make
set

object

 structure
data frorn

ColumTest "test = new ColumTest("structure); /l make
colum-ÅrsetUp O ;
colum-ÅrsetAxialLoad(-3NN.Ne3); // set axial
// generate loading data (amplitude : 6 mm, cyclic : 5,
colurnn-ÅrloadingHistory(N.NN6, 5, 2, N.NNNN2);
ofstream result("output/pd.dat"); // set output

// start
for(int
  colum
  colum

 cyclic loading analysis
i=1; iÅq=colum.getLoadNumO; i++) {
.setDispTop(column.getDspHistory(i)); // set

get

  F= structure.makeFO; // get force
// output p-d data
  result ÅqÅq ' ' ÅqÅq (structure.getUvectorO)[num-2]
        ÅqÅq ' ' ÅqÅq F[num-2] ÅqÅq endl;
}
return N;

test

 object(ID:1)
fi1e

object

load (3NN kN)
 repeticion : 2)

fi1e

displacemet at
the solution

data of

top

structure

Figure 3.27 : Implementation of Cyclic Loading Analysis
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3.5 Summary

In order to clarify the behavior of hollow RC piers under the combination of loads and

earthquake loads, the static loading tests and hybrid earthquake loading tests were canied

out. From this study the following results are listed:

1. From the results ofthe cyclic loading tests, the shear span ratio has the great influence

  on the failure mode and the deforrnation performance. The bridge pier with small

  shear span ratio has high possibility to fail in shear. Since in general a bridge which

  crosses a deep valley has various height piers, it is important to check the deformation

  performance ofthe shortest pier.

2. Under cyclic loading, the shear component cannot be neglected. Even ifthe amplitude

  of the displacement is the same, the shear deformation increases monotonously as the

  repetition cycle increases. That is to say, the flexural failure transits to the shear failure

  by the cyclic loading, and especially, the effect is significant in hollow piers of which

  the web is thin.
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3. Even in case of the flexural failure, shear cracks appeared in the web part under small

  loads. And flexural cracks in the flange part changed into diagonal cracks when they

  progressed into the web part.

4. From the hybrid earthquake loading tests, •it was observed that the hysteresis response

  was stable and it can dissipate the input energy by the hysteretic action. The hollow

  RC piers were found to have a good performance under earthquake motions if they are

  arranged by the appropriate amount of stirrups.

5. wnen inputting the Kobe JMA record, the pier responded up to the ultimate state in

  the early stages of the loading. As the result, the restoring forces in the positive and

  negative displacement side were different. Furthermore not only the resistant forces

  but also the crack pattern ofthe hybrid loading tests were different to that ofthe cyclic

  loading tests. These results suggest that the loading history has a great influence of the

  failure process of RC structures, and the new experimental method have to be devel-

  oped to assess the effect ofthe loading history due to inland direct strike earthquakes

                                                   '
6. The mechanism ofhollow RC members cannot be explained well only by the flexural

  deformation. Nowadays, the performance design is spreading in the world and in the

  design concept it is important to check not only the force but also the displacement

  of the structure. If the deformation of the shear and the pull-out of the longitudinal

  bars can be taken into the design appropriately, the rational design can be realized. For

  this purpose, it is necessary to develop the quantitative evaluation of the ratio of the

  shear to the flexural and the pull-out deformation using the parameters of the shear

  span ratio, cross-sectional shape, axial load, and so on.

7. The object-oriented program for the cyclic loading analysis is developed. To cope

  with the boundary condition ofthe test method, the ColumnTest object is mode, and in

  the object the Structure subsystem is reused. By reusing the developed object for the

  stmctural analysis, it is easy to develop the analytical system, and the system becomes

  very simple in spite of the nonlinear problem. Compared the analytical results of

  H4-4 with the experimental results, it is found this analytical program can work well,

  including the inside hysteretic behavior. This analytical system can simulate the real

  concrete stmcture very well.
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Chapter 4

Development of Unbonded Bar

Reinforced Concrete Structure

4.1 General Remarks

Not only civil engineers but also citizens had a great impact from collapse and severe dam-

age of many concrete bridges in Hyogo-ken Nanbu Earthquake. In the restoration operation,

a bridge pier which was greatly damaged was of course an object of the removal and the re-

construction, but a pier which was slightly damaged was also an object ofthe reconstruction,

ifthe residual deformation was over 15 cm or the tilt angle was over 1 degree ofits height.

From the results of the detail investigation after the earthquake, in the piers of the damage

level B, C and D, which means non-serious damage, there were 129 piers whose residual

deformation was over 15cm (Figure 4.1i)). That is, nowadays, the important infrastructures

are required to have not only the high strength and the high ductility but also the usability

and the repairability after earthquakes.

   Then what is the high performance of RC stmcture? In general the high strength and the

high ductility are recognized as the high performance. And we add as follows,

   e Stable Seismic Response

   e Low Construction Cost

The structure which has the well-balanced performance above is the high perfomiance struc-

ture in the next generation.

   In this study, the Unbonded Bar Reinforced Concrete (UBRC) structure is proposed as

the high performance stmcture. This structure has the stable post-yield stiffness ofthe load-

displacement skeleton curve. And it also intends to be the rational structure from the view-

point of the two level seismic design method. In this chapter, at first, the background of the

                                  105
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Figure 4.1 : Permanent Displacement ofPier at Top and Damage Level

UBRC stmcture is described. Next, the structure and the concept are shown, and in order

to verify the fundamental characteristics, the cyclic loading tests are carried out. And the

object-oriented model for an UBRC structure is derived, and the parametric studies on bars

of an UBRC are carried out.

   The concept and the experimental results ofthis chapter are described on the basis ofthe

works by Iemura and Takahashi2-5) .

4.2 Background

4.2.1 SteelPipe-ConcreteCompositeStructure

In a series of the study of the RC tall piers in the preceding chapter, we also examined the

steel pipe - concrete composite structure6,7). This stmcture consists of longitudinal rein-

forcements, large steel pipes and spiral hoops ofthe high strength PC strand. It has the high

shear strength and the high ductility by the combination of steel pipes and spiral hoops, and

the concrete protects the steel pipes from the buckling. Since the steel pipes are used as the

reaction frame for constmction works, the pier can be constructed rapidly. In order to in-

vestigate the seismic performance, the pseudo dynamic tests were carried out7). The results

in case of the Type I eanhquake input motion are shown in Figure 4.2. Although the pier

responded up to the ductility factor of over 9.0 and the restoring force was deteriorating,

the response characteristics was stable and the residual displacement after the earthquake
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was almost zero. One ofthe reason for the small residual displacement was considered that

the steel pipes had the effective restoring force because they placed inside the cross section.

But since in such 1arge deformation the strain at the bottom is very large, it is natural that

the pipes would yield and cannot give the effective restoring force. Therefore in the finite

element analysis ofthe stmcture, the bond slip behavior between the pipes and the concrete

was focused. The original structure has the perfect bond, but when the bond slip occurs, the

behavior ofthe pipes becomes independent ofthe concrete and consequently the strain ofthe

pipes remains small. Therefore, the pipes can have the effective restoring force even in the

large deformation8).

   To tell the tmth, the bond slip behavior ofthe conventional RC stmctures is not taken into

account in the design phase and it is accident in the large deformation. But according to the

study of the steel pipe - concrete structure, it is found that the elastic member can stabilize

the seismic response and reduce the residual deformation. This is one of the reason why we

use unbonded members inside the structure positively.

4.2.2 Response ofStructure with Post-Yield Stiffness

Since the skeleton curve ofa RC stmcture is the elasto-plastic type, the Iarge deformation oc-

curs after the yield ofthe structure. But it is reported that the only the post-yield stiffness ratio

ofO.05 has the great effect on the reduction ofthe maximum and the residual deformation9).

Figure 4.3 shows the effect ofpost-yield stiffness on the seismic response. The parameter of

r is the post-yield stiffness ratio. From the displacement response, it is found that the residual

deformation is greatly reduced by the addition of the post-yield stiffness.

   And the Seismic Design Specification of Highway Bridges defines that the residual dis-

placement after earthquakes must be evaluated from the next equation and it should not be

larger then 1O/o ofthe height ofthe pieriO).

6R = cR lpR - 1) (1 - r) i, (4.1)

where 6R = the residual displacement of the pier after earthquakes, cR = the modification

factor, jaR = the response ductility factor of the pier, r = the ratio of the post-yield stiffness

to the initial stiffness, 6y = the yield displacement. It is easily understood from this equation

that the larger the ratio is, the smaller the residual displacement becomes. That is, the piers

with the large post-yield stiffness are qualified as the high seismic performance piers.

   From the above discussions, it becomes clear that the seismic performanee of RC piers

will be improved effectively by increasing the post-yield stiffness.
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4.3 Unbonded Bar Reinforce Concrete Structure

The basic UBRC structure consists of a conventional RC pier and unbonded high-strength

bars (Figure 4.4). The both ends ofthe bars are anchored in the body ofthe RC structure. As

we shall see later in Figure 4.5, at the one end of the bars, the gap is installed to adjust the

work range of the bars. Since this stmcture is also reinforced by unbonded bars, it is called

Unbonded Bar Reinforced Concrete (UBRC) structure.

   The characteristics ofthe UBRC structure are explained from the viewpoint ofthe load-

displacement skeleton curve (Figure 4.5). The load-displacement relationship of a con-

ventional RC structure is the perfectly elasto-plastic modeliO). When elastic members are

installed in the RC structure, it is possible to obtain the stmcture with the post-yield stiff-

ness. The UBRC stmcture is developed to have this skeleton relationship with the positive

and the stable post-yield stiffness even in the large deformation. For actual structures, it is

necessary to guarantee that the bars behave in the elastic manner in the large deformation

in order to obtain the stable post-yield stiffness. Therefore, for the bars, the high-strength

material is used, and the unbonding treatment is performed.

   The effect of the unbonding treatment is shown in Figure 4.6. In general, under the low

level of the loading, the strain of longitudinal bars shows the triangle distribution along the

height ofthe pier as same as the moment distribution. When the level ofthe loading becomes
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large, around the loading point the strain changes only a little, but at the bottom of the pier,

the longitudinal bars would yield and the strain becomes large, and the plastic hinge zone is

formed. On the other hand, for the unbonded bars, the strain distribution becomes constant

because the bars behave independent of the RC member except for the anchors. Therefore

since the whole length ofthe bar can resist the defomiation ofthe RC member effectively, the

strain of the bars becomes small. That is, the bars hardly yield. By this fact, the unbonded

bar can be used as the elastic member even in large deformation, and the UBRC stmcture

can show the stable post-yield stiffness.

   For the UBRC's bars, a high-strength material has advantage because the yield strain

is large. But in general the high-strength material is very expensive, and sometimes it is

diMcult to adopt it from the economical viewpoint. Since the most important characteristic

of the UBRC structure is the post-yield stiffness in the 1arge deforrnation, the effect of the

bars in the small deformation is not so important. Therefore the gap is installed at the one

end of the bars and controls the active elastic range of the bars (Figure 4.4, Figure 4.5).

By this measure, the UBRC stmcture can be realized by using the conventional material for

bars.

   Since in the ultimate state the UBRC structure has a large restoring force compared with

the original stmcture, the deterioration ofthe concrete may be accelerated. That is, the ulti-

mate displacement becomes smaller than the original stmcture. Considering the equal energy

principle for the UBRC structure (Figure 4.7), the ultimate displacement ofthe UBRC is ob-
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tained:

                      pt uB.c=iir(Vi751711i-i) (4 2)

where r is the post-stiffness ratio of the UBRC structure, pt is the ductility factor of the

original RC stmcture. According to this equation, the loadrdisplacement skeleton curves

with the same energy capacity in case ofu = 5.0 are shown in Figure 4.8. The broken

line shows Equation (4.2). From this figure, it is found that the decrease of the ultimate

displacement is not necessarily the deterioration of the seismic performance in this case.

   Next, the characteristics ofthe UBRC structure are explained from the viewpoint ofthe

hysteresis response(Figure 4.9). The maximum displacement response of the conventional

RC structure becomes large because the post-yield stiffness is almost zero. As the result,

the residual plastic deformation after the earthquake becomes also large. On the other hand,

since the UBRC structure has the positive post-yield stiffness, it can be expected that the

maximum displacement response can be reduced. Moreover, because the unbonded bars do

not yield, they can be expected to have the effective restoring force and reduce the residual

deformation. That is, the UBRC structure can reduce the residual plastic deformation by the

combination ofthe small maximuni displacement response and the elastic restoring force of

the bars. Moreover, in the large deformation where the concrete and the longitudinal bars

deteriorate, the existence ofthe elastic member can stabilize the seismic response.
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Table 4.1: Parameters of Test Units

TestUnit Stirrup Bar(locationfromcenterofsection) LongitudinalBar

RC-1 - 16-DIO
UBRC-1
UBRC-2

D6@50mm4xSBPRip9.2(70mm)
8-DIO

UBRC-3 4xSBPRip9.2(100mm) 16-DIO

   The UBRC structure has the combination ofdifferent functions : for the fundamental pier

structure, this is the RC structure, which can absorb energy by hysteretic action, and in order

to give the post-yield stiffness, reduce the residual deformation and stabilize the dynamic

response, the unbonded high-strength bars are installed.

4.4 Cyclic Loading Tests

4.4.1 DescriptionofTestUnits '
In order to verify fundamental characteristics of the UBRC structure, especially focusing

on the effect of the configuration of the bars, column specimens were constmcted. In these

specimens, the gap at the anchor was not installed. Each specimen had a 320 mm square

cross section and a height of 1507 mm (Figure 4.10). The parameters oftest units are sum-

marized in Table 4.1. PC rods (SBPRÅë9.2) were used as high strength bars. The mechanical

properties are shown in Table 4.2. In order to guarantee the unbonding behavior of the bars

in the plastic hinge zone, spiral sheaths for PC rods were installed.

   The basic model was the conventional RC model (RC-1). UBRC-1 was the test unit

which is addition of unbonded bars to RC-1, and it was possible to investigate the effect of

the addition ofthe elastic member. UBRC-2 was the test unit with unbonded bars and had the

same fiexural capacity as RC-1, and it was possible to examine the role ofstructural longitu-

dinal reinforcement. UBRC-3 had the same amount ofbars and longitudinal reinforcement

as UBRC-1, but the location ofbars in the section was different, and it was possible to verify

the effect of the configuration of the bars.

4.4.2 LoadingSystemandTestProcedure

The loading system is shown in Photo 4.1, Photo 4.2. This system is similar to Figure 3.2,

but the connection equipment between a specimen and actuators is improved. Since the

equipment in Figure 3.2 used swivel heads, the loading point of the horizontal and the ver-
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Table 4.2 : Mechanical Properties of Steel

YieldStrength(MPa) TensileStrength(MPa)

SD295D6 312 451
LongitudinalBar

SD295DIO312 451

PCRod SBPRip9.2 1185 1331
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1

Photo 4.1: Loading System

Photo 4.2: Equipment for Loading
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tical actuators moves during the loading process. On the other hand, the loading point ofthe

two actuators in the equipment is very near, so the point doesn't change during the loading.

Using this equipment, we can simulate the behavior of superstmctures more precisely.

   In the experiments, the horizontal displacement was applied at a quasi-static rate in cycles

to displacement ductility factor each ofpt = Å}1, Å}2, etc. Ot = 5 mm). The axial stress was

1.46 MPa.

                                                           ts

4.4.3 TestResults

Load-Displacement Hysteresis Loops

The loadrdisplacement hysteresis loops are shown in Figure 4.11. RC-1 behaved in the

almost perfectly elasto-plastic manner, which is the typical behavior of RC stmctures. On

the contrary, the positive post-yield stiffness can be observed in the other units. But the all

loops showed the spindle shape type.

   The post-yield stiffness ofUBRC-1 was almost the same as that ofUBRC-2, and UBRC-

3 showed larger than others. These results suggest that the post-yield stiffness is decided by

the bar location in the section, not by the amount of longitudinal reinforcement. But m spite

ofthe unbonding treatment, the bars ofUBRC-3 yielded at the displacement of60 mm.

Failure Mode

Looking at the crack patterns after the tests (Figure 4.12), it is found that the cracks of

UBRC-1 and UBRC-3 were dispersed in the test units, while the cracks of RC-1 were con-

centrated around the bottom. This fact shows that the whole length of the UBRC columns

can work well and this structure have a good performance on the flexural behavior.

   On the other hand, in case of UBRC-2, the number of cracks was fewer than other

UBRCs. It means that the width of cracks was 1arge because the tension stress cannot be

transferred to the concrete effectively due to the small amount ofstructural longitudinal rein-

forcement. This result suggests that in terms ofcontrolling cracks, it is important to arrange

appropriate amount of structural longitudinal reinforcement because the UBRC stmcture is

based on the RC stmcture.

Residual Displacement

The comparison of residual displacements oftest units is shown in Figure 4.l3. It is found

that those of UBRC test units were smaller than that of RC-1. In other word, the residual

displacement can be decreased only by installing elastic members in the RC pier even if

prestressing is not applied like PC structures. And, so that UBRC-2 showed the most small
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value, the structure with the high ratio ofbars to stmctural longitudinal reinforcement showed

the small residual displacement. This results agree with the tendency in PC structures.

Performance of Absorbing Energy

The comparison ofaccumulated absorbed energy oftest units is shown in Figure 4.14. From

this figure, it is found that the capacity of absorbing energy, except for UBRC-2, was almost

the same. This result shows that installing bars changes the stiffness without changing the

area of hysteresis loops. On the other hand, UBRC-2 had poor performance of absorbing

energy. That is, it is clear that the capacity of absorbing energy depends on the amount of

structural longitudinal reinforcement, not ofbars.

4.5 Analytical Formulation of UBRC Structure

4.5.1 Outline

As described in the preceding section, the UBRC member consists of the RC member and

the unbonded bars. Therefore the analytical model is also represented as the combination of

the RC member model and the unbonded bar model. The UBRC element cannot be satisfied

with the Bernoulli's assumption because the behavior ofthe bars is independent from that of

the RC member besides the anchors. The bars are only deformed following the deformation

of the RC member satisfying the compatibility condition.

   In this section, the force vector ofthe unbonded bar is formulated and the object-oriented

model is derived from the Method object in Figure 2.21.
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4.5.2 RCMember

The RC member is modeled as the beam with the Timoschenko fiber model.

;

4.5.3 UnbondedBarMember

Because ofthe no bonding between the bars and the RC member, the strain increment ofthe

bar must correspond to that ofthe RC member at the location ofthe bar.

                          AEbar=zllTt foL"b AEub dx (4.3)

For example, in Figure 4.15, the RC member is divided into 6 elements, but the strain of the

bar is calculated using the information of 3 elements.

   Now the calculation ofthe strain increment of the bar is followed using Figure 4.16. The
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strain of the RC member at the location of the bar is obtained:

                 Ae.b=AEo +yAip =(1 y)( AAEÅëe )= y,e (4.4)

And the strain increments at the neutral axis is calculated using the nodal displacement in-

crements ofthe RC member.

                        E = Bf( AAddi ) = Bf df (4.s)

  The length increment ALi of the RC element i is

           ALi=f,L' AE"b d4• =f,Li Y' Bf df d6=Y' (f,L' Bf d8) df (4'6)

where
                   f,L' ., ,g.[ -,i g -O, 6g ?1 (4.7)

Substituting (4.7) into (4.6), we have

                  ALi =( -1 O -y 1Oy)df. =YdS (4.8)

Therefore the strain increment ofthe bar is

                          AEbar=zl7,Y;. df (4.9)

  Adding AEb.. to the strain at t = t, Ebar,n, we obtain the total strain at t = t + At, iteration

step (k), ESk.),,..i, using the constitutive law of the material of the bar, the total stress o'2k.),,..i
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is obtained. The additional axial force N and moment M due to the bar are

                                  numbar
                            Ai.(k+'i = Z O-[',kn'+iAi

                                  nu/r';ar

                           M.(k2, - Z o"S•k2.iAiyi

                                   i=1

As the result, the nodal force vector due to the unbonded bars is •

                 FÅík+'i=(-?V.(k+'i O'O M.(k+'i Ai.gk+'i O•O M.(k+'i ]T

(4.1O)

(4.11)

(4.12)

4.5.4 UnbondBarsObject

According to the previous subsection, it is found how to calculate the nodal point force

vector of the unbonded bars considering the compatibility condition. In this subsection, the

UnbondBars object is modeled.

   Since the UnbondBars is an object to make the nodal point force vector, it derives from

the Method class. But the method ofmakeKO and deformO are meaningless because the be-

havior of the UnbondBarss object is decided by the compatibility condition of the deformed

RC member. The class diagram is shown in Figure 4.17.

   In order to calculate the strain increment ofbars, it iS necessary to know the information

of all RC members which has unbonded bars. Therefore this object possesses the ID number

list of the RC members and in the method calcEffectUnbondO, the list is used to access the

corresponding RC element. The sequence model ofmakeFO is shown in Figure 4.18.

4.6 Comparison of Analytical Results with Experimental

Results

Since the UnbondBars object is one of the Method object, the stmcture with UnbondBars is

also the Stracture object. Therefore in order to carry out the cyclic loading analysis, we can

use the same program as mentioned in the RC hollow columns (Section 3.4).

   The analytical results for Figure 4.10 are shown in Figure 4.19. Comparing with the

experimental results, it is found the the analysis can predict the effect of the unbonded bars

very well. '
   Figure 4.20 and Figure 4.21 show the transition of the stress distribution of RC-1 and

UBRC-3, respectively. In the small deformation (until Point 4), the distributions between

RC-1 and UBRC-3 are very similar. However, as the defotmation becomes large, the dis-

tributions change and the compressive stress due to the bars can be recognized in UBRC-3.
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is decided by the compatibility cond.
of deformation of RC member

Figure 4.17 : Unbonded Bar Member

For example, on Section 5, the tensile stress can be observed in the every step in RC-1, but

in UBRC-3 the tensile stress is vanishing through the loading process. The phenomena can

be recognized in the other sections. In the large deformation (e.g. Point 9), the compressive

zone of concrete section in UBRC-3 becomes larger than that of RC-1. This is the bars'

effect.

   From this fact, we can explain the crack distribution of UBRC structures (Figure 4.12).

The compressive stress due to the unbonded bars closes small cracks and makes the effective

section ofthe RC part ofUBRC structures enlarge. Therefore the behavior ofUBRC stmc-

tures in the large deformation becomes similar to PC or PRC structures, and the cracks are

distributed along the height.

4.7 Effect of Unbonding

In Figure 4.22, the hysteresis loops and the strain distributions of the bar along the height

are shown in case ofthe bonded and the unbonded bars, respectively. Each line in the strain

distribution is the value at the maximum deformation ofeach loading cycle. The base stmc-

ture used in this analysis is the UBRC-1 (Figure 4•10), but the pull-out of the longitudinal
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bars is not taken into account.

   Compared with the hysteresis loops, the bond type has linearity and the restoring force is

large. But from the strain distribution, the strain at the bottom exceeds 7000 u. Considering

that the yield strain of the conventional PC tendon (C-type) is about 5000 -v 6000 pt, the

bar hardly behave in the elastic manner in the large deforrnation. It means that the elastic

restoring force is lost in the large deformation, and we cannot realize the UBRC structure

using the conventional materials. On the other hand, the strain distribution ofthe unbond type

shows constant and the level is much smaller than 5000 ". This is because the whole length

of the bars can work effectively. And due to the bars' effect, the positive post-yield stiffness

can be obtained. From the results, it is found that the unbonding treatment is effective for the

guarantee of the elastic behavior in the large deformation.
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Parametric Studies for Bars ofUBRC Structure

4.8.1 Outline

The behavior of UBRC structures is decided by the combination between the RC part and

the bars. Installing the unbonded bars into the RC stmcture, we can obtain the structure with

the positive stiffness after yielding, and can control the stiffness due to the amount and the

location ofthe bars. in this section, we conduct the parametric studies ofUBRC structures.

As the parameters ofbars, the area, the location in the section, the length and the gap at the

anchor are selected.

   In the analysis, the standard structure is UBRC- 1 . And the ultimate state is defined as the

state that the stress of the edge of the core concrete reaches zero. As the stress-strain model

for concrete the Risti6 model is used and for reinforcement bar the Meneggoto-Pinto model

is used. In order to verify the post-yield stiffness due to the bars well, the post-yield stiffness

ofthe reinforcement bars is set to O.1 O/o ofthe elastic stiffness. And the elastic model is used

for imbonded bars.

   In the evaluation ofparameters, the loadTdisplacement skeleton curve and the maximum

and ultimate displacement and the strain ofthe bar are used.

4.8.2 InfluenceofAreaofBars

As the parameter of this study, the ratio of the area of bars to the total area of longitudinal

steel bars (bar ratio) is selected. We examine the four case; 10 O/o, 30 O/o, 50 O/o and 70 O/o

(Figure 4.23).

   From the skeleton curve, it is found that the post-yield stiffness increases as the bar

ratio increases. But in case of high bar ratio, the restoring force deteriorates rapidly after

the maximum state. Therefore in this case, we should define the ultimate state for UBRC

stmctures as lts maxlmum state.

   And as the bar ratio increases, the maximum and the ultimate displacement and the strain

ofthe bar decreases. The reason for this is that the bars with high bar ratio can exert large

force even ifthe strain is still small, and the large force deteriorates the RC part.

                                        L. .'
   The advantage for increasing the bar ratio to improve the post-yield stiffness is that the

bar ratio has no limitation. Large bar ratio can achieve large stiffness and large strength

certainly.

/
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4.8.3 Influence of Location of Bars in the Section

The location ofbars in the section (length from the center of the section) is selected as the

parameter of this study. We examine the length of40, 80 and 120 mm (Figure 4.24).

   From the skeleton curve, the post-yield stiffness becomes 1arge as the bar is located apart

from the center. And the rate of deterioration after the maximum state is not affected by the

location ofbars. Only the strain of the bar increases as the location becomes outside.

   The location can improve the post-yield stiffness without decreasing the ultimate perfor-

mance. But the location has the limitation, which is the inside of the section to avoid the

buckling and the yield ofthe bar.

4.8.4 InfluenceofLengthofBars

The length ofbars is selected to be the parameter in this study. For the UBRC structure, the

bars is installed so as to put the plastic hinge zone ofthe RC part between the anchors. In this

study, we examine three cases of2D, 3D and 4D (D: lgngth ofplastic hinge) (Figure 4.25).

   From the skeleton curve, the post-yield stiffness.increases as the length ofbars becomes
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shorter. And at the same time while the maximum and the ultimate displacement decreases,

the strain of the bars increases.

   In order to verify the stressing by the bars, the stress distributions ofcase of2D and 4D

are shown in Figure 4.26. At the left of the figures, the bar location is noted. In the case of

4D, the stressing due to the bars' effect can be recognized in the whole length ofthe pier. On

the other hand, in the case of 2D, on Section 6 and 7, the tensil'e stress remains in the Iarge

deformation because these sections are out of the range of the bars. But on Section 5, we

can find that the tensile stress is vanishing. The reason for it is the additional moment due to

the bars. This results suggest that we should arrange special transverse reinforcements well

around the anchor to avoid the failure by the additional moment.

4.8.5 Influence of Gap ef Bars at Anchor

In order to verify the effect of the gap at the anchor, we change the length of the gap and

analyze the pier. When compressing the bar from the original position, the bar works im-

mediately. But when pulling the bar, it doesn't work until the gap closes. In the analysis,
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h of gap

length of gap
Åíg = length ofbar (l.3 m)

Figure 4.27: Material Property ofBars considering Gap

the gap is taken into account as the nonlinear material property efbars (Figure 4.27). The

results are shown in Figure 4.28.

   From the skeleton curve, it is found that the post-yield stiffness is the same regardless of

the gap. Only the displacement for the onset of the post-yield stiffness is different. As the

result, the maximum and the ultimate displacement increase as the gap increases. Since the

ultimate state of the pier is decided by the crushing concrete by the flexural deformation in

this study, the maximum restoring force becomes small when the gap is large.

4.8.6 SummaryofParametricStudies

In the previous subsections, we examine the parameters to affect the structural characteristics

ofUBRC stmctures. The summiary ofthese studies is shown in Table 4.3.

   Consider the preliminary designed UBRC stmcture. Ifthe ultimate strength is lower than

the required performance, we may increase the bar ratio. In combination with placing bars

outside, with limited decrease ofthe ultimate deformation, we can increase the strength. If

the strength is satisfied with the required performance but the ultimate deformation is lower,

we may use the gap and increase the bar ratio a little. Then we keep the strength but increase

the deformation. Ifwe need higher post-yieid stiffness but the strain ofbars exceeds the yield

strain, we may increase the bar ratio in place ofplacing bars outside.

   In these parametric studies, the section of the RC part is not selected as a parameter. If

we can change the RC section, the various kind ofperformance can be realized by the UBRC

structure.

4.9 Summary
In this study, the UBRC structure was proposed as the high seismic performance structure in

the next generation, and the concept and background were described. And, the cyclic loading

tests were carried out in order to obtain the fundamental performance. Furthermore the



i

1

136

e
v
Q.ve

Q

O.06

O.03

  o

    Chapter 4. Development of Unbonded Bar Reinforced Concrete Srmcture

                                80

                                          --."-'rr:.---:;)h
                             2 .":.•.:.:.:.::t":t'"::'=':'-'-:.v...

                             5
               hof gap R 40
                             2 Rc
                                               No Gap       length of gap
                                                O.OOI Eg =
                                               O.OO15 •    length ofbar (1.3 m)
                                                O.O02
                                 o
                                  O O.03 O.06
                                            Displ. (m)

                                 6000
 ---------UIti mate of RG- ------------

                              E
                              .9
                              E
                              v                              .E 3000
                              9
                              di

-••-•-•-•-•-•-••-•-•-
Max-'tmttm••ef•-RG-•••-•••••••••••••-••••• ts

                              ca
          Maximum +
           Ultimate --e--
                                   oO O.OOI O.O02 O O.OOd O.O02        Gap Strain Gap Strain
            Figure 4.28: Influence of Gap ofBars

Table4.3:EffectofParameters
Method Post•-YieldStiffness Ultimate(Max.)Displ. BarStrain

IncreaseBarRatio decrease decrease

PlaceOutside .Increase constant

ShortenLength decrease .Increase

IncreaseGap constant .Increase
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analytical method for the UBRC structure was developed, and we

studies. From this study, the following results are obtained:

carried out the parametric

e By installing the unbonded bars, it is possible to easily realize the RC structure with

  the stable post-yield stiffness.

e The UBRC stmcture has small residual displacement in comparison with the conven-

  tional RC structure by the bar effect.

e The capacity ofthe energy dissipation is only depend on the amount oflongitudinal

  reinforcement, and never change due to the installation ofbars. That is to say, the

  optimal amount oflongitudinal reinforcement for the UBRC structure is the equivalent

  to that of RC structure in order to expect the energy dissipation.

e From the results of the cyclic loading tests, it can be obtained the equivalent results

  to the principle got by installing the elastic member into RC stmctures. This structure

  can be realized only by installing unbonded bars into RC structure. Therefore this

  structure can be constructed with simple and easy construction works and low cost.

e The UnbondBars object is modeled for the Method package of the Structure subsys-

  tem. In combination with the fiber model object and the unbonded bar object, the

  behavior ofthe UBRC structure can be analyzed. Since the method package is differ-

  ent but the the shape object is the same between RC and UBRC structures, the same

  analytical program for the RC structure can be used for the UBRC structures.

e In order to increase the post-yield stiffness, we have three method; Increase the bar

  ratio, Place bars outside and Shorten the bar length. By installing the gap at the anchor,

  the post-yield stiffness doesn't change. Changing these parameters, the various kind

  of the load - displacement hysteresis can be realized.
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Chapter 5

Application of UBRC Structure

5.1 General Remarks

In the previous chapter, the fundamental characteristics of the UBRC stmcture are investi-

gated. The result's show that the post-yield stiffness can be controlled by the bar parameters.

This chapter shows the applications ofthe UBRC stmcture. At first, applying to the railway

structure, it is shown that the pier can be designed rationally under the two-level seismic de-

sign method. This word "rational" means that the applied structure can be satisfied with the

required perforrriance with the small amount of reinforcement. Next, applying to the high-

way bridge structure, the seismic response behavior is investigated by the hybrid earthquake

loading tests.

  This chapter is described on the basis of the works by Iemura and Takahashii•2).

5.2 Application for Railway Structure: Reduce Reinforce-

      ment

5.2.1 TwoLevelSeismicDesignMethod

After the Hyogo-ken Nanbu Earthquake, the two level seismic design method was proposed

as the seismic design of infrastructures3)4). The design method takes two types of design

ground motion into account. For a moderate ground motion (called Level I), a bridge should

behave in an elastic manner without essential stmctural damage. For an extreme ground

motion (called Level II), a standard bridge should prevent critical failure, while an important

bridge should keep the functions with limited damage. Following these proposals, several

design specifications were revised5)6).

   On the other hand, as the design model of a RC structure, the Bridge Design Specifi-

                                 139
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cation uses the perfectly elasto-plastic relationship (Figure 5.1)5). The Design Standard for

Railway Stmcture uses the tetra-linear model, connecting the crack, yield, maximum and

ultimate state6), but for column type piers, the perfectly elasto-plastic model is recognized to

be reasonable from the results ofvarious tests.

   When the two level design method is applied for a RC structure, the cross section is

usually decided by the Level II design. The required strength by Level II is usually much

higher than that by Level I. Since the yield strength and the ultimate state load of the RC

stmcture are almost the same, such a high level of load resistance is required in the yield

state although that is essentially required only in the ultimate state. That is to say, the design

for Level I is often meaningless. If the post-yield stiffness of the structure can be used

effectively, it will be possible that the rational design of a RC stmcture is carried out by

connecting the required performance point of the Level I and Level II (Figure 5.2). In this

meaning, the UBRC structure with the significant post-yield stiffness can contribute to the

ratlonal seismic design.
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5.2.2 RailwayRigidFrameViaductandPreliminaryDesign

The objective railway rigid frame viaduct is the railway beam-slab style, and the elevation

is shown in Figure 5.3. In general, the rigid frame viaduct ofthe railway structure has large

amount of reinforcement. Applying the UBRC structure to the viaduct, the reduction of

reinforcement is tried.

   In the seismic design of the railway structure, corresponding to the presumed levels of

repair and reinforcement of structures that may be required after an intense earthquake, the

seismic performance can be categorized into 3 levels as follows6):

1. Seismic Perfomiance I: capability of maintaining the original functions without any

  repair and no excessive displacement occurring during an earthquake.

2. Seismic Performance II: capability ofmaking quick recovery ofthe original functions

  with repairs after an earthquake.

3. Seismic Performance III: capability of keeping the overall structure in place without

  collapse during an earthquake.

   For moderate earthquakes (called Ll earthquakes), the stmctural seismic performance

I should be satisfied by all structures. For severe earthquakes (called L2 earthquakes), the

seismic performance II should be satisfied by the important stmctures.

   To begin with, the pier as the RC structure for L2 earthquakes is designed, and the de-

signed pier has a 700 mm square cross section and has 2`FD32 longimdinal bars. The

longitudinal bar ratio is about 3.9 O/o, which is large amount compared with highway bridge

piers (1.0 e- 1.5 O/o). On the other hand, the design for L1 earthquakes only requires 16-D32

longitudinal bars in the section (2.6 O/o). Therefore, for the design concept ofthe UBRC pier,

1. 0nly the RC member can be satisfied with Seismic Performance I.

2. The combination of unbonded bars and the RC member can be satisfied with Seismic

  Performance II.

Under this design philosophy, the cross section is decided as Figure 5.4.

   It is also possible to reduce the cross section ofUBRC member, but in consideration for

the workability, in this preliminary design, the cross section is set to be the same as the RC

member designed by L1 earthquakes.
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5.2.3 Description of Test Units and Test Procedure

In order to verify the performance of the UBRC pier by the two level seismic design method,

the cyclic loading tests were carried out. In this test we constructed scaled models ofthe half

pier ofthe rigid frame so as to become the similar moment distribution because the test setup

is for single column specimens.

   The RC test unit was the 112.1875 scale model ofthe RC pier in the preliminary design

for L2 earthquakes (Figure 5.5). The number of longitudinal bars and the width between the

bars were precisely scaled down.

   The UBRC test unit was also the 112.1875 scale model of the UBRC pier in the trial

design. The arrangement of the longitudinal bars was decided by the section designed by

Ll earthquakes, and the configuration of unbonded bars was decided so that the maximum

strength was larger than that of RC pier designed by L2 earthquakes. The analytical result

is shown in Figure 5.6. In the yield state, the restoring force of the UBRC pier is lower

than that of the RC pier, but in the large deformation, the UBRC pier becomes stronger

than the RC pier. In short, in this structure, the elastic behavior under Ll earthquakes was

guaranteed by the RC stmcture and the required strength of L2 earthquakes was guaranteed

by the post-yield stiffness due to the unbonded bars.

   The longitudinal bars of the UBRC unit were fewer than the RC unit, and the 4Kb17

PC rods were placed in the corner of the cross section. Since the work space became large,

the constmction work became very easy. For the unbonding treatment, the Hishi Tube by

Mitsubishi Plastics, Inc. was used (Photo 5.1). This tube is the polyvinylchloride heat

shrinkable tube for protecting reinforcement bars from the rust. For the pull-out tests using

this tube, the good performance ofthe unbonding treatment was confiimed.

   In the experiments, the horizontal displacement was applied in cycles to displacement

ductility factor each ofpt = Å}1,Å}2, etc. Ot = 6 mm). The axial stress was 1.24 MPa

calculated from the superstmcture of the assuming pier.

5.2.4 TestResults

Load-Displacement Hysteresis Loops

The hysteresis loops of the RC and UBRC unit are shown in Figure 5.7. In case of the RC

unit, the restoring force tended to deteriorate gradually after the maximum force (183 kN at

the displacement ofO.041 m). On the other hand, the restoring force of the UBRC unit was

171 lÅqN at the displacement ofthe maximum state ofthe RC unit, and it increased gradually

up to 186 lÅqN at the displacement of O.077 m along to the stable post-yield stiffness branch.

This result was satisfied with the required performance ofL2 earthquakes.
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   And, the longitudinal bars ofthe UBRC unit yielded during the first 2 r- 3 input cycle, at

which the restoring force was 97 -- 128 kN. Since the required strength for Ll earthquakes

was 92 lÅqN, this UBRC unit was also satisfied with the performance for Ll earthquakes.

   From the results, it is found that the designed UBRC pier behaves in the elastic man-

ner under Ll earthquakes and the restoring force at the ultimate state is satisfied with the

performance for L2 earthquakes in spite of small amount oflongitudinal reinforcement.

Unbonding Effect
                                                          li
Figure 5.9 shows the snapshots of the strain distribution of the unbonded bar and the longi-

tudinal bar of the UBRC unit during the loadings (at 1st, 3rd, 5th cycle). If the bars bond to

the concrete perfectly, the strain distribution becomes triangle (see the results of longitudinal

bars). But the strain distribution ofthe unbonded bars became constant even in the defomia-
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tion whereas the longimdinal bar had yielded and the plastic hinge zone was formed. And,

finally in this test, the bars remained in elastic. From the results, it is clear that the unbonded

bars treated by the tube can worked well even in the 1arge deformation.

Residual Displacement

The comparison of the residual displacements is shown in Figure 5.10. Since the restoring

force of the UBRC unit was smaller than that of the RC unit in the small deformation, the

residual displacements were almost the same. And as the deformation became large, the

residual displacement of the UBRC unit became smaller than that of the RC unit. This

phenomena can be acceptable because we want to avoid the large residual displacement over

the 1 O/o of the height. This result suggests that the elastic restoring force due to the bars

worked well.

Performance of Absorbing Energy

The accumulation ofabsorbed energy is shown in Figure 5.11. Since the amount oflongitu-

dinal reinforcement ofthe UBRC unit was lower than that ofthe RC unit, the capacity ofthe

energy absorption of the UBRC unit was inferior to the RC unit. This result seems to show

that the UBRC pier has the low seismic performance, but it is not true. The large amount of

hysteretic absorbed energy means the 1arge plastic deformation of the pier. For the concrete

structure, it means to be the yield of the longitudinal bars and the crush of the concrete. If

the stmcture with small failure has the equivalent seismic performance ofthe RC structure,

the structure has advantage for the usability and the repairability after earthquakes. Since

the UBRC stmcture can be satisfied with the required performance in the loadKlisplacement

relationship, the UBRC stmcture has the high seismic performance.
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5.3 Application for Highway Bridge Structure: Seismic Re-

sponse

5.3.1 Highway Bridge

The highway bridge used in this study is shown in Figure 5.l2. The superstructure was the

5 span continuous steel I-girder, and the length of the span was 13 m, 40 m Å~ 3 and 13 m.

The pier surrounded by the solid line in Figure 5.l2 was selected as the target pier, and the

behavior in the transverse direction was considered in this study. The pier has a 2.4 m square

cross section and a height of 9.6 m7). 72-D34 were used as the longitudinal reinforcement

                                                                  'and D19 transverse hoops were placed in the pitch of300 mm (Figure 5.13).

5.3.2 Description of Test Units and Test Procedure

In order to verify the seismic performance ofthe UBRC pier, the pseudo dynamics tests were

canied out. In this test we consrmcted three 117.5 scale models.

   The specimens had a 320 mm square cross section and the loading span of 1.28 m.

The reinforcement was 16-DIO as longitudinal bars, D4 stirrups in 40 mm interval and

intermediate hoops to adjust the stirrup ratio to that ofthe assuming pier (Figure 5.14). In

case of the UBRC pier, PC rods (C-type, ip9.2) with the unbonding treatment were installed

at 1 1O mm from the center of the cross section. The both ends of the bars were anchored in
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the concrete mechanically.

   In the pseudo dynamic test, Kobe JMA record NS component (Figure 5.15) and Kobe

Port Island record EW component (Figure 5.16) were used to examine seismic response

characteristics. By considering the similarity law, using the scale model, the tests canied out

seismic response calculation for the actual-size structure in the computer8). The assuming

superstmcture weight (Steel I-shape girder) was set to about 5000 ldN. In the tests, the axial

stress was set to O.88 MPa.

   Parameters oftest units and test cases are shown in Table 5.1.

Table5.1:ParametersofTestUnitsandTestCases
TestUnit inputMotion Stirrup Bar LongitudinalBar

RC-2
KobeJMARecordNS -

UBRC-3 D4@40mm 16-DIO
UBRC-4 KobePordIslandEW

4xSBPRip9.2

(11Omm)
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5.3.3 ResultsofPseudoDynamicTests

In Case of the Kobe JMA record NS component

The results of RC-2 and UBRC-4 are shown in Figure 5.17 and Figure 5.18 respectively.

These results were plotted in scale ofthe real structure.

   From the loadTdisplacement hysteresis loop ofUBRC-4, the positive post-yield stiffness

can be observed. And, the shape ofhysteresis loop had the 1inearity compared with that of

RC-2. It is found that the effect ofthe unbonded bars can be recognized as same as the cyclic

loading tests.

   From the displacement time histories, the maximum responses in both cases ofRC-2 and

UBRC-4 were about 30 cm, so no significant difference due to the installation ofbars was

obtained in this case. One ofthe reasons for the small difference ofthe maximum response is

that the input motion was insensitive to the variation ofpost-yield stiffness ofthe structure.

But during 6, 7 seconds, UBRC-4 returned to the original position, but RC-2 returned only

to about O.12 m. As the result, the residual displacement after the earthquake of UBRC-4

was only 1.5 cm, whereas that of the RC-2 was 5 cm. This result shows that by installing

unbonded bars, the residual displacement after earthquake can be reduced and the hysteretic

behavior can be stabilized.

In Case of the Kobe Port Island Record EW Component

In order to verify the influence of ground motions on the response of structures with post.

yield stiffness, the Kobe Port Island record (EW component) (for soft soil) was inputted.

Since the test for the RC pier couldn't be canied out using the same input motion, the test

results is substituted by the seismic response analysis using the stmctural properties from

RC--2 test unit. As the preliminary examination, it has been confirmed to agree the analytical

results with experimental result for RC-2, The analytical results of the RC pier and the

experimental result ofUBRC-5 are shown in Figure 5.19 and Figure 5.20 respectively.

   In this case, the maximum displacement response of UBRC-5 was smaller than that of

the RC pier. As the result, the residual displacement after earthquake ofUBRC-5 was almost

zero. Although we have to take care of the characteristics of the input motion, it is found

that the residual displacement after earthquakes ofthe UBRC stmcture can be reduced by the

combination ofthe small displacement response and the elastic restoring force ofthe bars.
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5.4 Summary
In this study, the applications ofthe UBRC structure to the railway and the highway bridge

pier are presented. From this study, the following results are obtained:

e The philosophy of the two level seismic design method can be realized easily and

  rationally by applying UBRC structures with the stable post-yield stiffness.

e The railway RC structures have large amount oflongitudinal reinforcement, but apply-

  ing UBRC stmctures, the amount ofreinforcement can be reduced. Since the RC part

  of the UBRC stmcture is decided by Ll earthquakes, it has the economical section.

  And cooperating with the unbonded bars, it can resist L2 earthquakes. The reduction

  ofreinforcement also make the construction work easy. ,

e From the results of the pseudo dynamic tests, it is found that the seismic response of

  the UBRC stmctures is stable. Especially the residual deformation after earthquakes is-

  certainly small by the combination of the small maximum deformation and the effect

  of elastic members.

e In the pseudo dynamic tests it is also recognized the bars' effect (stable post-yield

  stiffness and the small residual deformation). Considering with the easy constmction

  and the low constmction cost, the UBRC structure has the high seismic performance.
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Chapter 6

Conclusions

An object-oriented structural analysis system has been developed, and the seismic behavior

of RC structures have been investigated with the system and the high seisniic performance

stmctures are proposed.

   The purpose of this research and general remarks on the ground for the development of

the new structure were given in Chapter 1 . And a review ofpast studies on the object-oriented

approach, the hollow RC tall piers and the high performance concrete stmctures were also

presented there.

   In Chapter 2, the structural analysis system is analyzed and designed by the object-

oriented procedure.' The system is divided into three subsystems : Structure, Load and

ResponseAnalysis subsystems, and the analysis is driven by message passing among the

subsystems. The analysis system itself is a program code and allows the explicit represen-

tation of structures, loads, equations and so on. Each subsystem includes "packages". The

Equation package is used as the kemel ofthe ResponseAnalysis subsystem. In the Equation

package, since the algorithms are separated from the equation object, this package becomes

robust against adding new algorittms. The Shape and the Method packages are used in the

Structure subsystem. The Shape package represents the geometry of the stmcture, and the

Method package represents how to construct the stmctural matrices for the analysis. The

Earthquake package is used in the Load subsystems. These packages can improve the mod-

ularity ofthe system and make the system fiexible. The object-oriented structural analysis

system has the advantage in the research field but also the educational field, by allowing the

users to easily understand the inside and to eqsily extend the imction.

   In Chapter 3, the seismic response characteristics of RC tall piers with hollow section

are investigated by the cyclic loading tests and hybrid earthquake loading tests. From the

cyclic loading tests, even in case ofthe flexural failure, the flexural cracks in the flange part

changed into the diagonal cracks in the web part when they progressed into the web part.
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Under the cyclic loading, the shear cracks crossed each other in the thin web. The shear

deformation increased even by the cyclic loading with constant amplitudes. These results

show that importance ofthe check for the shear resistance ofthe hollow RC piers. However

ifthe pier has the appropriate amount ofthe transverse reinforcement andlor the filled section

at the bottom, the pier shows a stable seismic response even under a severe earthquake. And

as the application of the object-oriented analysis system, the program for the cyclic loading

analysis is developed. The analysis system is developed using the Stracture subsystem, and

can simulate the experiment precisely. The reuse of the developed objects for the stmctural

analysis allows an easy development ofthe analytical system, which is very simple in spite

ofthe nonlinear problem.

   In Chapter 4, the Unbonded Bar Reinforced Concrete (UBRC) stmcture is developed and

proposed as the high seismic performance structure. Firstly, the fundamental characteristics

are examined through the cyclic loading tests. The structure with the post-yield stiffness

shows a stable seismic response. Only by installing the unbonded bars, it is possible to

realize the RC stmcture with the stable post-yield stiffness. The stiffness can be controlled

by the selection ofthe bar parameters, and the capacity ofthe energy dissipation is controlled

by the amount of longitudinal reinforcement. The residual deformation can be reduced by

the addition of the elastic restoring force of the bars. According to the parametric studies,

there are four methods to change the characteristics ofUBRC structures. By the combination

of these methods, many kinds of skeleton curves can be obtained. Since this structure can

be realized only by installing unbonded bars, it can be constmcted with simple and easy

construction works. It means that the fairly economical constmction is possible. There

results suggest that the UBRC structure is a promising approach for the high perforrnance

structures in the next generation.

   In Chapter 5, the UBRC stmcture is applied to railway and highway structures. in the

application to the railway structure, it is shown that the UBRC srmcture is suitable for the

rational two-level seismic design method. In the two-level seismic design method, the cross

section of a RC structure is usually determined by the Level II design, because the required

strength by Level II is much higher than that by Level I. Since the loadrdisplacement rela-

tionship of a RC pier is of the elasto-plastic type, such a high strength is needed even in the

Level I. With the application ofthe UBRC structure, the rational stmcture can be constmcted

without requiring high yield strength. The effect ofthe rational design can contribute the re-

duction ofthe longitudinal reinforcement ofthe railway structures. And the seismic response

of the UBRC structure is investigated for the highway bridge. By installing the unbonded

bars, the seismic response becomes stable. Since the structures with the post-yield stiffness

sometimes show the small deformation compared with the conventional RC structures, the
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residual deformation after earthquakes becomes small by the combination ofthe small defor-

mation and the effect ofelastic members. In terms ofthe seismic response and the rational

design, it is found that the UBRC structure is a high seismic performance structure.

   For future studies, the object-oriented analysis system might be extended to the dis-

tributed computing. It has been popular to use multi-processor computers and cluster systems

of multiple computers, and these philosophy of the cooperation of the multiple computers

has the aMnity for the message passing between objects. And also the impact on the edu-

cational field should be evaluated because the high modularity ofthe object-oriented system

can support the step-by-step development. And for the UBRC structure, it is of great inter-

est to investigate the behavior of the structure with the bond slip between the bars and the

concrete. As long as the unbonding behavior is controlled and guaranteed in the large defor-

mation range, the UBRC structure will improve the constmction works and the performance

for the Level I earthquakes.



Appendix

Notations

This appendix is described notations of UML used in this dissertation.

class A description of a set of objects that share the

ships, and semantics.

same attributes, operations, relation-

Structure attri

K:matrix
F:vector
deform(d:vector)construct(FILE)

name : A string used to
identify an element. Italic
denotes abstract element.

attributes : A named property of a classifier
   that describes a range of values that
   instances of the perperty may hold.

operations : The implementation of a service
that can be requested from any object of the
class so as to effect behavior.

object A concrete manifestation of an abstraction; an entity to which a set of operations can

     be applied and which has a state that stores the effects of the operations; a synonym

     for object.

pms

name : denoted with underline

use case A description of a set of sequences of actions, including variants,

 performs that yields an observable result ofvalue to an actor.

that a system

get
nodal data

name
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actor A ' coherent set ofroles that users ofuse cases play when interacting with the use cases.

name
XNxs.-e

,9,

Equation

package A general-purpose mechanism for organizing elements into groups.

me

Equation

note A graphical symbol for rendering constraints or comments attached to an element or a

collection of elements.

comment : An annotation attached to an
        element or a collection of elements

method-ÅrmakeKO

relationship A semantic connection among elements

(part) 1...' t (whole)

                aggregation : A special form of association that
                specifies a whole-part relationship between the
                aggregate (the whole) and a component (the part).

multiplicity : A specification of

the range of allowable cardinalities
that a set may assume.

dependency A semantic relationship between two things in which a change to one thing (the

     independent thing) may affect the semantics of the other thing (the dependent thing).

souce ------  -År

ÅqÅqincludeÅrÅr

     Ks-

target

stereotype : An extension of the vocabulary
of the UML. This means that the source
not only depend on the target but also inclusive.
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interaction A behavior that comprises a set ofmessages that are exchanged among a set of

     objects within a particular context to accomplish a purpose.

object

pms

l

loop back

   xv-

getDoflnfoO

"NNQqed

  :

     message : A specification of a communication between objects
     that conveys information with the expectation that activity will ensue;
     the receipt of a mesage instance is normally considered an instance
     of an event.

focus of control : A symbol on a sequence diagram that shows the period
of time during which an object is performing a.n action directly or through a
subordinate operation.

state machine A behavior that specifies the sequences ofstates an object goes through dur-

     ing its lifetime in response to events, together with its responses to those events.

state : A condition or situatjon during the life of an object
    during which it satisfies some condition, performs
    some activity, or waits for some event.
                                     event : The specification of a
                   [iter Åq= iter-liMitV occurrence that has a location

                               L5n,ti.M,e,,a,n,.d,s,p.a.c,es•a,n,,sv,e,,n,tis

                       convergedt that can trigger a state transition,
              solving

,.-e

initial state
11Il,,

e--"-'xx

x,



AppendixB

niform Ex         epresslon ofEquat .Ion

B.1 UniformedEquations

In order to model the Eguation package in the ResponseAnalysis subsystem, a staticldynamic

and linear/nonlinear equation is expressed uniformly as much as possible.

  Consider the uniformed equations at time t.+i, iteration (k - 1),

                           kÅík.-i)Ad(k).RÅík;,i) (B.1)
where Ad(k) is the displacement increment, kSk.-i) is the effective stiffness matrix and RÅík.-i)

is the effective load vector. These effective matrices are considered:

                          kÅík.-i)=kdyn+KSk.-ii) (B•2)
                          RÅík.-,i'=Rdyn-FÅík.-i' (B-3)

where KÅík.-ii) is the current tangent stiffness matrix, FÅík.-i) is the vector of nodal point forces

and kdy. and Rdy. are calculated based on the problem type. Therefore the purpose of this

appendix is to define them in each problem.

   Since an incremental analysis is performed with time step ofAt, the initial conditions in

this iteration are KSO.)i = K., FSO.)i = F.. For the displacement increment, it is assumed that

                          Ad(k)=dÅík.),-dÅík.-,i) (BA)

Using (B.4), the displacement solution of (B.1) is

                                    k                          dSk.), =d. +Z Ad(i) (B.5)
                                    i=1
The iteration is continued until appropriate convergence criteria are satisfied.
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B.2 EquilibriumEquation

B.2.1 LinearProblem

The linear equilibrium equation is

                             Kdn+1=Rn+1 (B•6)
where K is the stiffness matrix and d..i is the displacement solution. In the expression of

the incremental manner, the displacement increment is

                       Ad(i)=dn+i-dn=dS'.)i-dn (B•7)

and substituting into (B.6), we have

                           kSO.),Ad(i)=RÅíO.), (B.8)

where

                kÅíO.), =K= K. =KSO.), (B.9)
                 RÅíO.)i = Rn+i -Kdn = Rn+i -Fn = Rn+i -FÅíO.)i (B•10)

   Comparing (B.9), (B.10) with (B.2), (B:3), we obtain

                             Rd,. =e (B.11)
                             Rdyn=Rn+i (B.12)

B.2.2 NonlinearProblem

The nonlinear equilibrium equation is

                        KÅík.Mi)Ad(k)=Rn+i-FÅík.-i) (B•13)

   Comparing (B.13) with (B.2), (B.3), we obtain

                             kdyn =O (B•14)
                             Rdyn=Rn+i (B•15)
                                                         '
That is, kdy. and Rdy. ofthe nonlinear problem is the same as that ofthe linear problem.



B.3 EquationofMotion

As shown in B.2, it is enough to obtain kdy. and Rdy. in the nonlinear problem.

   The nonlinear equation ofmotion are

                        MaÅík.), +C vÅík.), +FÅík.), =R.+i (B.16)

where M is the mass matrix, C is the damping matrix, aÅík.)i is the acceleration vector and vÅík.)i

is the velocity vector.

   To solve this equation, there are many integral methods.

B.3.1 Newmark6Method

Newmark 6 method is a generalized acceleration method. The following expansions are

employed for the velocity and displacement at time tn+i :

                  vÅík.),=v.+At ((1-7) a. +7aSk.),) (B.17)
                  dSk.)i = dn +At Vn +AP ((S -J(3) an +J3 aSk.)i) (B.18)

where 6, 7 are parameters to be chosen to obtain optimum stability and accuracy and At is

the time interval. Using the relations in (B.4),(B.17) and (B.18), we thus obtain

           aÅík+)i = -(z2ii - i) an - 6kt vn + x3kt, (dÅík.-ii) - dn +Ad(k)) (B.ig)

           VSk+)i =-(6-7 '2) it an - (B7 nt 1) Vn +6YAt (dÅík.-i')- dn +Ad(k)) (B.20)

and substituting into (B. 16), we have

                     (kdyn + KÅík.-i')) Ad(k) = Rdyn - FSk.-i) (B21)

where

           kd7n=67AtC'6kt2M (B.22)
           Rdyn = Rn+i +M{6kt2 (dn - dÅík i)) ' 6Xt " (2År                                             v + -- 1) an}

                 'C {67At (dn - dÅík+-i)) + (6-7 "- 1) vn + (6-7 - 2) it an) (B.23)
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B.3.2 WilsoneMethod

The basic assumption in the Wilson e method is that the acceleration varies linearly over the

time interval from t. to t- .+i = t. + eAt, where e ) 1 and is determined to obtain optimum

stability and accuracy characteristics.

   LetT denote the increase in time, where O s T s eAt; then for the time interval tn to tn+i,

it is assumed that

                        a(t+T)(k) = an + eTAt (fiSk.)i ' an) (B •24)

where aSk.)i is the acceleration vector at time t'..i. Integrating (B.24), we obtain the velocity

and the displacement at time t- n+i.

   Using the above equations, we have at time tn+i

                     vÅík.)i = e21, (aSk.), - d.) -2v. - e2' a. (B .2s)

                     aÅík./, = d. +eAtv. + e22- (2Åík.), +2a.) (B .26)

where VÅík.)i, aSk.)i are the velocity and displacement vector at time t-.+i, iteration (k).

   The displacement increment is considered:

 '
                                                                      '
                             Ad(k)=aSk.),-aSk.-,i) (B.27)

Using the relations in (B.25) to (B.27), we thus obtain

                   fiSk.), = i2,7 (aSk.-,') - d. + Ad(k)) - 2v. -2 a. (B .2s)

                   VÅík.), =?(aÅík.-i)- d. +Ad(k)) -2v. - Sa. (B .29)

   Consider the equation of motion (B.16) at time i..i. Because the acceleration are as-

sumed to vary linearly, a linearly extrapolated load vector is used; i.e., the equation employed

is

                        MfiSk.), +c vSk.),+FSk.), =R..i (B.3o)

where FÅík.)i is the vector ofnodal point forces at aÅík.)i and R.+i = Rn + e (Rn+i - Rn). Substi-

tuting (B.28) and (B.29) into (B.30), the equation at time t-.+i is obtained:

                      (kdyn + KÅík.-ii)) Ad(k) = Rdyn 'FÅík.1') (B•3 1)



where

                    x63                   Kdyn= F7, M' 7C (B.32)
                    x                   Rdyn = Rn +e(Rn+1 - Rn)
                         +M(Åí, (d. - aÅík;,')) +Sv. +2a.)

                         +C (? (d.- aÅík.-ii)) +2v. +ia.) (B.33)

   To obtain the solution at time t.+i, at first, the displacement d.+i from (B.30) is obtained.

And substituting into (B.24) evaluated at T = At, we obtain the solutions.

B.3.3 OperatorSplittingMethod

This method relies on a predictor+corrector approach and doesn't require any numerical

iteration. The corrector displacement is obtained by the Newmark 6 method. With this

method, it is assumed that

                         Kdn+1-Fn+1 SKan+1-Fn+1 . (B.34)
                          ftn+i=dn +At vn+ Ai2 an (B.3s)

where K is the linear stiffness, a.+i is the predictor displacement vector and F.+i is the vector

ofnodal point forces when the a.+i have been imposed.

   Substituting (B.34) into (B.16), the equation ofmotion in the Operator-Splitting method

is obtained:

                 Man+1 +CVn+1 + (Kdn+1 + Fn+1 - Kan+1) = Rn+1 (B.36)

Predictor phase:

Evaluate a predictor displacement vector with (B.35).

Corrector phase:

Based on the Newmark6 method, the equations for the displacement and velocity at time

tn+1 are

                       dÅík.)i=dnN+i+AP6an+i (B•37)
                       vÅík.)i = v.+At ((1-7) a. +7 aSk.)i] (B.38)
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Transforming (B.37), we have

                                1                         an+i=At26 (dn+i-an+i) (B.39)

and substituting (B.38) and (B.39) into (B.36), we have

                        (kdyn+K) Aa=Rdyn-Fn+i (B-40)

where

                     R[dyn=67AtC'6Xt2M (B.41)

                     Rdyn = Rn+i 'C {Vn +At (1 -7) an} (B •42)

                      Aa=d..i-a.+i (B.43)
   Solve (B.40) for d.+i.

Updating phase:

Using (B.39) and (B.38), we obtain the acceleration and the velocity vector at time tn+i.



Appendix C

Fiber Model Formulation of Timoshenko

C.1 BasicAssumptionsinTimoschenkoBeam

C.1.1 DisplacementField

Considering beam bending analysis with the effect of shear defomiations, we retain the as-

sumption that a plane section originally normal to the neutral axis remains plane, but because

ofshear deformations this section does not remain normal to the neutral axis. The longitudi-

nal displacement at (x,y) is

                          u(x, y) =uo (x) -ye(x) (C.1)
where ue(x) is a longitudinal displacement at the neutral axis of the section and e(x) is a

total rotation ofthe section originally normal to the neutral axis ofthe beam. The transverse

displacement at (x,y) is

                             v(x,y)=vo(x) (C.2)
where vo(x) is a transverse displacement at the neutral axial ofthe section. The total rotation

is given by the rotation ofthe tangent to the neutral axis and the shear deformation,

                                  dv                             e(x)=T. -6 (C.3)
where 6 is the rotation angle due to the shearing deformation.

C.1.2 RelationshipbetweenStrainandDisplacement

In the theory of small deformation, the longitudinal strain is

                                   Ou
                               Ex=siT. (C.4)
                                 175



176 Appendix C. Fiber Model Formulation ofTimoshenko Beam

                                                 Neutral

                   HÅr -
                     x

                    Figure C.1: Deformation ofCross Section

The shearing strain is

                                    Ou Ov                               7ry=bj+bll (C•5)

Using (C.3), we have

                               duo de                           Ex= d. -Y7.=Eo-Yip (C.6)
                                   dv                          7.=-e+7. =6 (C.7)

C.1.3 PrincipleofVirtualWork

Using the general expression ofthe principle ofvirtual work, we have

                       f. (qcrx+5TTcy) dV= f, p6vdx (c.s)

where E is the virtual longitudinal strain, iVIi is the virtual shearing strain and q is the dis-

tributed transverse load along the beam.

   or

                                Ii +I, =I3 (C.9)

where

                              Ii=f, qa.dV (c.lo)

                              I2=f. 57S`y7TaydV (C.11)

                              I3=f, p6vdx (C.12)

dv
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C.2. Fiber Model Formulation
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             Figure C.2: Formulation ofFiber Model

Fiber Model Formulation

C.2.1 ConstitutiveRelationship

Assuming that the deformation state for the interface element at time t is defined by 'Eo, t7ry

and `Åë, deformations for the timet+ At are:

                             "A'Eo =tEo +AEo (C.13)
                            t+At?,sy.to,ry+A•),ay (C.14)
                            `'A'Åëo=`ipo+Aipo (C.15)

   Substituting (C.13) and (C.15) into (C.6), we have

                             AEi =AEo -.yiAÅë (C.16)

where yi js a distance from the neutral axis to the centroid ofi-th fiber. And

                               A7,=A7. (C.17)
   Based on the strain state in all fiber point, corresponding tangent and shear modulus

and stress levels, 'Ei, 'Gi, to'i and tTi, can be obtained directly from the adopted stress-strain

relations. The interface element incremental forces can be obtained using the following three

equatlons:

rw
  n-z
  i=1

        nAiAo"i -- Z EiAiAEi

       i=1
(C.18)
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                             nn                       Ae=ZA,AT,=ZG,A,kA7, (C.19)
                            i=i i--1
                             nn                     -AM=ZAiAaiyi =ZEiA ,yiAE, (C.2o)
                            i=1 i=1
where Ai is a discrete area associated to each fiber and k is the shear correction factor. If

in (C.18) and (C.20), incrementa1 strains are expressed in temis of incremental interface

element deformations, (C.16), the following equations are obtained: '

                    AN=(l., EiAi)AEo+(;., E,A,y,) Aip (C.21)

                   -AM=(;., EiAiyi) AEo+(l.Iili., EiAiy?,)Aip (C•22)

which can be expressed in matrix form,

                  (-A.".)-l,Z.E;,,Z,.E;."/tryA(",E6) (c.23)

or

                               ax=Dffx (C.24)
   And in terms of the shear stress, we have

                       Ae=ZG,A,k A7.=D, A7. (C.25)

C.2.2 ShapeFunction

the displacement increment vector ofthe interface element is

                            U= {u, v, e}T=Nd (C.26)
where N is the interpolation ftmction and the 6d is the noda1 displacement increment.

                     d= (Au", AvA,AeA, AuB, AvB, AeB)T (c .27)

   Using the interpolations

where

N=
Ni OO
O Ni O
O O N,

e.lr = xlL

N, = 1- 4.

N2 0O
O N2 0

 O O N2

N2 =(

(C.28)

and L is the length of the beam.
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C.2.3 Strain--NodalDisplacementIncrementTransformationMatrix

In the fiber model, it is necessary to consider the longitudinal strain and the curvature at the

interface element. The strain increment vector of the interface element is

                         Ex={AEo,AÅë}T=Bfd (C.29)
                                A7.=B,d (C.30)
where Bf and B, are the strain-nodal displacement increment transformation matrices.

  Using (C.28), Bf is obtained:

                 .,.[ \,t' g ,l,l,

                    -l-t oo
                    -to ot
And using (C.3) and (C.5), B, is obtained:

 {t-iO

  oo
-i o o
o ot

o
det2

dx

(C.31)

Bs [O {tiii -N, O 7t2

[O -t i-iOt
-N2 1

-il (C.32)

C.2.4 BendingStiffnessMatrix

Substituting (C.6) into (C.1O), the following equation is obtained:

                 ii = f. qaxdV= f. (6 -y6) a.dv

                   = f, f, esaxdAdx + f, f. -ydia.dAdx

                   = fL es flxdAdX + fLJfA -ya.dAdx

                   l'11i'/ill•`XYI'-,Y,1.L;1(lfix)dx

where{}. denotes the value ofthe section at x.

  Substituting (C.24) and (C.29) into (C.36), we have

                       I, = f, a' BfT Df Bf d d.

  Based on the principle ofvirtual work, the bending stiffness matrix is obtained:

                         Kf = f, BfT Df Bf dx

(C.33)

(C.34)

(C.35)

(C.36)

(C.37)

(C.38)
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C.2.5 ShearingStiffnessMatrix

From (C.1 1), the following equation is obtained:

                          I2 = fv fiTrydV

                            = f, 5T f. TrydAdx

                            =f,T.2dx ' (c.3g)

   Substituting (C.24) and (C.30) into (C.39), we have

                         I2=f, aT B,T D, B,ddx (c.4o)

   Based on the principle ofvirtual work, the bending stiffness matrix is obtained:

                           Ks=Ds f, BsT Bs dX (C.41)

   Usually in order to calculate (C.41), the two point Gauss-Legendre integration is used.

But the resultant exhibits the very stiff behavior (shear lockmg). To avoid the locking, the

one point Gauss-Legendre integration is used.

C.2.6 TangentStiffnessMatrix

As the result, the tangent stiffness matrix of the Timoschenko beam is obtained:

                              K= Kf+Ks (C•42)



Appendix D

Modeling Methods of Finite Element of

Structure

The objective analytical methods for elements in this study are the finite element method, the

fiber model analysis, the moment.curvature model and the spring model(loadrdisplacement

model). In this appendix, these analytical methods are reviewed in order to handle them as

uniformly as possible.

D.1 FiniteElementMethod

In the finite element method, the characteristic matrices is made by the volume integral based

on the stress-strain relationship.

  Each characteristic matrix expresses as follows:

  e Strain Increment Vector E

                             6E = {6e}

e Displacement Increment Vector (in Element Coordinate System) iu

                 iu=(iu5 iue 6uA 6ufi 6uge 6ufi )T

e Displacement Increment Vector (in Global Coordinate System) 6U

               iU=(iUrA 6Uge iU3 6U,B 6U,B 6U,B )T

e Linear Strain-Nodal Displacement Increment transformation matrix B

      B-[-t y(i4,-VtX) y(2-{l,i) t y(-,$,,+V/X) y(2-:},)]
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(D.1)

(D.2)

(D.3)

(D.4)
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   e Stress-Strain Material Property Matrix D

                                  D= [E,] (D.5)

   e Linear Strain Incremental Stiffness Matrix K

                             K= f. BT •D•B dV , (D.6)

   e Vector ofNodal Point Forces Equivalent to the Element Stress F

                              F= f. BT•{o'} dV (D.7)

D.2 FiberModelAnalysis

ln the fiber model analysis, the characteristic matrices is made by the line integral of the

sectional characteristic matrices based on the area and the stress-strain relationship of each

fiber.

   Each characteristic matrix expresses as follows: Here, the strain increment vector E, the

displacement increment vector iu, 6U are the same of the finite element method.

   e Linear Strain-Nodal Displacement Increment transformation matrix B

             B-[-,t -il,O.t,,. .20..2} 6' s,Oli,?,x

e Force-Strain Material Property Matrix D

                        D-R,ALsEi,ZC;.EVI1

e Linear Strain Incremental Stiffness Matrix K

K=f,BT•D•BdL

2
L

   e Vector ofNodal Point Forces Equivalent to the Element Stress F

                          F-f,BT(,Z,4.3f,e,)dL

   Here, L : length ofelement, E,,Ai,yi,sigmai : tangent stiffness,

center, stress of fiber i, respectively.

o

+ g.
L2

(D.8)

(D.9)

(D.1O)

             (D.11)

area, arc length from the
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D.3 Moment-CurvatureModel

In the momentrcurvature model, the characteristic matrices is made by the line integral of

the sectional characteristic matrices based on the momentTcurvature relationship of each

sectlon.

   Each characteristic matrix expresses as follows: Here, the strain increment vector E, the

displacement increment vector 6u, 6U, Linear Strain-Nodal Displacement Increment trans-

formation matrix B and Linear Strain Incremental Stiffness Matrix K are the same of the

fiber model analysis.

   e Force-Strain Material Property Matrix D

                                 D-i ,e.21 (D•i2)

   e Vector ofNodal Point Forces Equivalent to the Element Stress F

                             F. f, BT (Ede) dL (D.13)

   Here, E: Young's modulus of material, A: sectional area, k: tangent stiffness of

moment+curvature relationship, s : axial strain and M : moment.

D.4 SpringModel

In axial and lateral direction, the loadTdisplacement relationship is used,

direction, the moment-rotational angle relationship is used.

   e Linear Displacement Incremental Stiffness Matrix K

K=

kA o

kH

sym.

O -k.

oo
k. O
    kA

o

-kH
o

o

kH

o

o

-kR

o

o

kR

and in rotational

(D.14)

   e Vector ofNodal Point Forces Equivalent to the Element Stress F

                      F=(P. P. M. -P, -P. -M, ]T (D.ls)

   Here, kA, kH, kR : sprint stiffness of axial, lateral and rotational direction, respectively,

PA, PH, MR : spring force ofaxial, lateral and rotational direction, respectively.


