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Preface

Computer simulations play an important role in modern seismic design of struc-

tures, whereas experiments are commonly used to gain a better insight into

structure behavior, and to validate or calibrate the analytical models used in

the computer simulation. These are the traditional understandings of computer

simulation and experiment. Recent years, however, have witnessed the birth and

development of an entirely new method to reproduce seismic behavior of struc-

tures, which combines computer simulation with physical tests interactively.

This method solves the dynamics of a structure in the computer domain using

step-by-step time integration algorithms, while obtaining restoring forces from

a physical specimen. The computer provides displacements to the specimen as

the loading target, and the measured restoring forces are fed back to the com-

puter to update the dynamic state. This interaction continues repeatedly until the

end of the simulation. Because of the online communication and updating, this

simulation technique is called the “online hybrid test.” Several benefits can be

expected from this method. First, the inertial effect is simulated numerically in a

computer. There is no need to construct massive physical payload on a speci-

men, as it is loaded quasi-statically. Therefore, a large-scale specimen can be

implemented. Second, because the loading rate is quite slow, one can closely

observe the initiation and development of damages on the specimen, which

is very important for better understanding of the seismic behavior. Finally,

the online hybrid test can be realized by conventional load devices instead of

sophisticated facilities such as shaking tables. It has been well developed over

the past 30 years and has become one of the standard approaches to examine the

seismic performance of structures.

The recent development of online hybrid tests has been classified into two

categories: the real-time online hybrid test and the substructure online hybrid

test. A real-time online hybrid test requires a very prompt response of loading

devices. The dynamic interaction between the loading facility and the specimen

must be considered explicitly because the response delay of the loading device

may lead to divergence of the entire dynamic system. To compensate for this

delay is the key problem of the real-time online hybrid test, and is essentially

a hydro-mechanical control problem. A full discussion of the real-time online

hybrid test is beyond the scope of this book and thus will not be discussed here-

after. The substructure online hybrid test takes the most critical part of a struc-

ture as the experimental substructure, while the rest with well-understood
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performance, is numerically analyzed. The substructures are often distributed to

different locations and connected through a network, thus being able to utilize

resources from multiple laboratories. The substructure and network render the

online hybrid test capable of investigating the seismic behavior of large-scale

structures, so that, for example, the seismic responses of long-span bridges,

braced frames, and concrete wall structures are reproduced.

In spite of the rapid growth of the online hybrid test, little has been published

in book form to guide the practitioner. The purpose of this book is to provide

comprehensive treatments of several topics pertinent to the substructure online

hybrid test. Emphasis has been placed on three frameworks: host-station frame-

work; separated model framework; and peer-to-peer framework. These frame-

works have been developed within the Internet environment and are particularly

suitable for distributed hybrid testing. In order to help the readers to understand

the essence of the online hybrid test and further to build up their own system, an

engineering practice has been introduced at the end of this book with the source

code appended. We address ourselves primarily to readers who have some

background in structural dynamics, finite elements, and computer science.

Efforts have been made to consolidate and simplify material that has appeared

only in journal articles, and to provide the reader with a perspective of the state-

of-the-art.

Financial support from the "Twelfth Five-Year" plan major projects from

the National Science and Technology under Grant Nos. 2011BAJ06B03,

2011BAJ08B05, and 2012BAJ07B02, and by the Natural Science Foundation

of China under Grant Nos. 50808107, 51178250, and 51422809, are gratefully

acknowledged.We also gratefully acknowledge the support and encouragement

received from our colleagues at Kyoto University, Tsinghua University and the

Institute of Engineering Mechanics, and the research contributions of graduate

students and technicians. Our special thanks are extended to Mr Alexandre Lam

and Mr Dongbin Zhang, who have spent many hours editing this book. We also

thank our families for their support, patience, and above all their love, without

which this book could not have been written.

Peng Pan, Tao Wang, and Masayoshi Nakashima

Beijing, China

May, 2015

xii Preface



Chapter 1

Introduction

Chapter Outline

1.1 Background, Objective, and

Challenge 1

1.2 Organization 5

References 8

1.1 BACKGROUND, OBJECTIVE, AND CHALLENGE

Two approaches are commonly used for simulating the earthquake responses of

structures. One is the numerical simulation bywhich the equations of motion are

formulated for a spatially discretized model and solved numerically by the time

integration algorithms in the time domain. The other is the experimental simu-

lation by imposing the ground motions directly on the tested specimens. In the

numerical simulation, a sophisticated model with huge degrees of freedom

can be implemented, which is able to supply accurate responses. The solution

procedure for this huge model, however, may be time-consuming, and the

convergence of this solution procedure is always a critical problem, especially

when great material nonlinearity and geometric nonlinearity are considered

simultaneously. Furthermore, the existing analytical tools, such as finite element

method (FEM) programs, are often strong only for some types of structures. On

the other hand, the experimental approach cannot handle full-scale structural

models effectively either. It is very expensive and nearly impracticable to test

a full-scale model of such a structural system, and a reduced-scale model is

unable to duplicate the prototype behavior, particularly when it involves strong

nonlinearities. Therefore, it is not necessarily easy to accurately simulate the seis-

mic responses of a huge and complex structural system by using either a single

analytical method or a single experimental method.

The online hybrid test [1–4] (also called the “pseudodynamic test”) is appeal-

ing, since it can make use of the benefits of both the analysis and test. The online

hybrid test has a history of more than 30 years, andmany applications have dem-

onstrated its effectiveness. The basic procedure of the first online tests can be

described as follows. First, the test specimen representing the structural system

whose earthquake response behavior is being studied is fabricated and installed
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on the test bed. Assuming the specimen to be a discrete spring-mass system, a

load-applying actuator is attached to the specimen at each mass position and

in the direction in which the earthquake response of the specimen is to be exam-

ined. Then, the equations of motion are solved numerically in a computer by

using time integration algorithms, while the restoring forces are obtained from

a physical test. Therefore, the online test is a numerical technique utilizing the

experimental information on the analyzed system’s restoring force characteris-

tics,which are difficult tomodelwithin a computer. Someof itsmajor advantages

are (1) less actuator capacity is required than in the shake table because the load-

ing can be quasi-static; (2) since the loading can be a repeated process of loading

and pausing, conventional measuring devices used in quasi-static tests are

sufficient; and (3) the loading can be stopped because of the discrete loading,

enabling us to make close observation of the local behavior.

Since accurate displacement control and measuring are keys to the success

of the test, the results given by the online test are more and more accurate, due to

the advancements in the technology of electronic devices, such as integration

circuits and micro-processors. However, the online test is an approximate

method including various assumptions and simplifications. The error sources

are classified into two groups: intrinsic and experimental. Some of the major

sources of intrinsic errors are (1) the analyzed system is represented by a

spring-mass discrete system; (2) the equations of motion are discretized with

respect to the time domain and solved as difference equations; and (3) the damp-

ing is characterized as velocity-proportional viscous damping. Some of the

major sources of experimental errors are (1) the displacement value com-

manded to the servo controller differs from the computed displacement because

of the finite resolution of the D/A converter; (2) the displacement reached after

the actuator motion may be different from the command value because of

the finite accuracy of the displacement sensor and the servo control limitation;

(3) the force value measuredmay not be identical to the true force because of the

finite accuracy of the load-measuring sensor; and (4) the measure force is

changed to a digital value after the A/D conversion. Investigations on these

error sources have been done by Nakashima and Kato to study and minimize

them [5–8].

The online test has been improved over time by many researchers, using

it with other techniques, hardware, and software. The test, when combined with

substructuring techniques, is called a substructure online hybrid test, and is

particularly appealing for the earthquake response simulation of large-scale

structures [9–17]. In the substructure online test, part of the structure whose

restoring force behavior is too complex to model is tested, while the rest of

the structure is modeled in the computer, and the equations of motion that rep-

resents the entire structure are solved. Most previous applications of the subst-

ructure online hybrid test, however, have the following shortcomings: (1) the

adopted numerical models used relatively crude assumptions and a limited num-

ber of degrees of freedom, a typical one of which was a stick model with lumped
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masses; (2) most applications implemented the numerical and experimental sub-

structures at a local structural laboratory, where the limitation of analytical tools

and loading facilities limit the applicability of online hybrid test systems for the

seismic simulations of large-scale structures.

The online hybrid test is in essence a test with displacement control. The

displacements for the next time step are predicted and applied to the test struc-

ture; the reaction forces corresponding to the target displacements are measured

and fed back to the equations of motion for the prediction of the next displace-

ments. Displacement control, however, is not practicable when the test structure

is too stiff to accurately control the loading actuator’s displacement. However,

we can find cases in which we wish to apply online tests to stiff structures, for

example, an online test applied to a base-isolated building using the substruc-

turing techniques in which only isolation devices, say, rubber bearings are

tested. Therefore, a system which can combine control by displacement and

force is appealing [18].

Subsequent improvements to numerical analyses have been very positive for

earthquake response simulation, andmanygeneral-purposeFEMsoftware appli-

cations have been made available. In such circumstances, it would seem very

effective to use a FEM software application for the computation of the numerical

substructures. Some important applications along this line are the online test

system developed in European Laboratory for Structural Assessment (ELSA)

[19]; the Network for Earthquake Engineering Simulation (NEES) of the

National Science Foundation of USA [20]; and a portable online test system

developed byPan et al. [21]. The incorporation of the FEMsource codes has been

demonstrated to be capable of improving the accuracy of the numerical substruc-

tures andmaking the online hybrid test systemmore versatile. Two common fea-

tures can be found from these applications: (1) only one numerical substructure

was implemented in these proposed systems. The equations of motion of the

entire structure were formulated based on the FEMmodel for the numerical sub-

structure, and the restoring forces obtained from the experimental substructures

were incorporated into the FEM model directly using the static condensation

technique; and (2) the source codes of the FEMprogramsweremodified to incor-

porate the experimental part into the entire analysis. This is, however, difficult,

because the program is commonly so complex that modification of the source

code involves huge efforts and needs special expertise. Furthermore, most

commercial FEM programs are copyright-protected, and modifications to the

source code have to resolve legal issues. Therefore, the developed online hybrid

test systems are rather difficult to transfer fromone laboratory to another, and the

FEM programs employed in these systems are not easy to be replaced by the one

most suitable for the concerned structures.

To geographically distribute the experimental substructures and analytical

substructures to different locations and exchange the necessary data through

the Internet is also desirable because this type of test environment will signif-

icantly increase the capacity of the substructure online hybrid test. The concept
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of “Internet testing” or “distributed testing” has been addressed over recent

years [22–24], and a few real applications have been reported: the distributed

online tests conducted between Japan and Korea [25], in Taiwan [26], and in

the United States as part of the George E. Brown, Jr. NEES [27]. All these appli-

cations demonstrate the advantage of distributing substructures to different

locations. To fully take advantage of “Internet testing” or “distributed testing,”

it is important to standardize and simplify the interfaces of diverse subsystems

so that they can be effectively incorporated into an integrated Internet test sys-

tem. Such standardization and simplifications require the subsystems to be

highly encapsulated. Therefore, in order to increase the flexibility and capacity

of the substructure online hybrid test system, it would be feasible to treat all

substructures equally and as independent as possible, and to develop a standard

interface for the communication between all substructures.

One solution is to solve the equations of motion and obtain the hysteretic

behavior of a structure by using separated models with different sophistication.

The equations of motion are formulated for the entire structure and solved by

using homemade source codes, while the hysteretic behavior is obtained from

sophisticated FEMmodels or from physical tests. Disparity in the model sophis-

tication would be reasonable in a situation, such as when a sophisticated static

model is needed for accurate evaluation of member internal forces and defor-

mations, while the dynamics of the structure are well represented by the first

several vibration modes, which may be determined from a model with much

fewer degrees of freedom. In this framework, the only responsibility of each

substructure is to provide the static force-displacement relationship to the

dynamic model. Therefore, all substructures can be treated equally. This imple-

mentation makes the system more versatile, since various FEM programs or

experimental facilities can be selected for different substructures according

to their individual characteristics [28].

As another solution, the equations of motion can be formulated for each sub-

structure rather than for the entire structure. Each substructure is treated equally

and as an independent dynamic subsystem, which can be selected for numerical

simulation or physical test. Because of the independence and equal status of each

substructure, this solution can be identified as a peer-to-peer (P2P) framework.

The equilibrium and compatibility at the boundaries between the substructures

can be satisfied by an equation-solution procedure. Each substructure only

exchanges data with this equation-solution procedure, but does not with the

other substructures. In this framework, each substructure is highly encapsulated,

and only the standard input and output, i.e., the boundary displacements and

corresponding reaction forces, are used as the data to exchange. Therefore, this

substructure online hybrid test system is able to accommodate different simula-

tion systems without much modification. Furthermore, the equations of motion

are formulated independently for each substructure and solved in parallel.

Indeed, parallel computing can increase the capacity and efficiency significantly

for computation of large systems [29,30].
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The objective of this book is to provide the basis of the online hybrid test,

and an overview of recent developments with some applications is given. In this

book, in addition to a summary of available algorithms and implementations of

the online hybrid test, four online hybrid test systems based on the

displacement-force mixed control, the host-station framework, the separated-

model framework and the P2P framework, respectively, are presented. Each

of them brings an improvement to the online hybrid test. Furthermore, some

applications in engineering practice are given.

1.2 ORGANIZATION

This book consists of nine chapters. This chapter relates the background of this

study, and Chapter 9 gives the summary and conclusions. Chapters 2–9 consti-

tute the main part of the book: (1) basics of the online hybrid test; (2) time inte-

gration algorithms for the online hybrid test; (3) the online hybrid test using

mixed control; (4) the Internet online hybrid test using the host-station frame-

work; (5) the separated-model framework and its demonstration examples;

(6) the P2P framework, its preliminary demonstration test and its convergence

speed investigation; (7) its application in engineering practice. The contents

of the seven chapters are summarized below.

In Chapter 2, the basics of the online hybrid test, which mainly include the

components of the test system, the capacities of online hybrid test, and the

procedures commonly adopted for the online hybrid test are introduced. This

chapter is to provide users who are new to the online hybrid test, with a general

introduction to this technique. After reading this chapter, the readers are

expected to have the fundamentals to plan a simple online hybrid test, and

understand how physical and computational components work together during

the execution of an online hybrid test.

In Chapter 3, the time integration algorithms, which are important to

solve the equations of motion of online hybrid tests, are introduced. The existing

time integration algorithms are grouped into such families as (1) linear multi-

step methods; (2) Newmark’s family; (3) collocation methods; (4) α-family;

(5) ρ-family; and (6) mixed implicit-explicit methods. The superiority of one

family over the others is summarized in terms of the following rules: (1) self-

restart procedure; (2) second-order accuracy; (3) unconditional stability; and

(4) optimal and controllable numerical dissipation. Also, the typical analysis

methods for stability and accuracy are formulated, and numerical characte-

ristics, such as stability, accuracy, numerical dissipation, and period distortion,

are examined and compared for some notable time integration algorithms

usable for the online hybrid test. Summarized also in this chapter are their

algorithms and implementations, which include the implementations using

the central difference algorithm, the hardware-dependent iterative scheme,

the Newton-type iterative schemes, and the noniterative mixed schemes.
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In Chapter 4, an online test technique that employs mixed control of dis-

placement and force is presented. Indeed, displacement control is not practica-

ble when the structure is too stiff to accurately control the loading actuator’s

displacement. Two types of mixed control “displacement-force combined

control” and “displacement-force switching control” are proposed. In

displacement-force combined control, one jack is operated by displacement

control, and another is operated by force control. Validity of the combined

control technique is demonstrated by a series of online tests applied to a

base-isolated structure subjected to horizontal and vertical ground motions

simultaneously. The substructuring technique is employed in the tests, and

the base-isolation layer is tested, with the rest of the structure modeled in the

computer. Displacement control and force control were adopted for simulating

the horizontal and vertical response, respectively. In the displacement-force

switching control, the jack was operated by displacement control when the

test specimen was flexible but switched to force control once the specimen

became stiff. Validity of the switching control technique was also checked

by a series of online tests applied to the base-isolated structure subjected to ver-

tical ground motions. Switching between displacement control and force con-

trol was achieved when the axial force applied to the base-isolation layer

changed from tension to compression or from compression to tension.

In Chapter 5, an Internet online test system is developed in which a physical

test is conducted in one location, the associated numerical analysis is performed

in a remote location, and the two locations communicate over the Internet. To

implement the system, a technique that links test and analysis domains located

at different places is proposed, and an Internet data exchange interface is

devised to allow data communication across Internet. A practical method that

utilizes standard protocols implemented by operating systems for sharing files

and folders is adopted to ensure stable and robust communication between

remotely located servers that commonly protect themselves by strict firewalls.

Therefore, the system consists of the host, stations, and data exchange inter-

faces. To combine the online test with a FEM program formulated in an

incremental form and adopting an implicit integration scheme, a tangent stiff-

ness prediction procedure is proposed. In this procedure, a tangent stiffness is

estimated based on a few previous steps of experimental data. Using the system

devised, tests on a base-isolated structure were carried out.

In Chapter 6, the development of the separated-model framework is intro-

duced, and its validity is demonstrated. In this framework, two models are setup

for the dynamics and the static behavior of one structure, respectively. The

incorporation of general-purpose FEM programs into the static model is real-

ized by repeatedly using its inherent restart capability. The general-purpose

FEM program thus can be viewed as a black box with standard input and output

interfaces, avoiding the modification of the source code. Furthermore, a high-

speed scheme using a socket mechanism based on TCP/IP protocol is developed

for data exchanged through Internet. A proxy program is setup to solve the

data exchange difficulties when strict firewall exists. An encoding-decoding
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procedure is also developed for various subsystems. The Internet online hybrid

test environment based on this separated-model framework is developed, and

three example structures are setup to demonstrate its effectiveness and validity.

The one- and three-story braced frames are first examined by this system locally

and numerically. Thereafter, an eight-story base-isolated structure is taken as

the demonstration example for the Internet online hybrid test system.

In Chapter 7, the P2P framework is realized, and its validity is demonstrated

by a preliminary study. In this framework, the simulated structure is divided into

multiple substructures, all substructures are equally treated, and each substruc-

ture is analyzed or tested in a subsystem. The equations of motion are not

formulated for the entire structure but for each substructure separately, and

solved in parallel. Substructures are treated as highly encapsulated and indepen-

dent subsystems, and only a standard I/O is used to exchange data on the dis-

placements and forces at the boundaries. This enables the useful incorporation

of existing FEM programs. The core of the framework, called “Coordinator,”

equipped with an iterative algorithm based on quasi-Newton iterations, is devel-

oped to achieve compatibility and equilibrium at the boundaries. A predictor-

corrector test procedure featuring two rounds of quasi-Newton iterations is

adopted to avoid iteration for the substructures being tested physically. In each

round of quasi-Newton iteration, the tested substructures are assumed to be

linear elastically without physical loading. The nonlinearity of the tested sub-

structures is introduced only by the one-time physical loading between the two

rounds of quasi-Newton iterations. One demonstration test is conducted for the

seismic simulation of a base-isolated structure. The test environment developed

for the separated-model framework is adopted. Three substructures are

included: the base-isolation layer as the first substructure, the first to fourth

stories as the second substructure, and the remaining part of the superstructure

as the third substructure. The base-isolation layer is tested at the laboratory,

while the second and third substructures are handled linearly using a homemade

source code. The quasi-Newton procedure is essentially a trial and error

procedure. The convergence speed of the P2P framework when considering

nonlinearity of the numerical substructures is investigated by numerical exam-

ples. The P2P framework is applied for the seismic simulation of a base-isolated

structure, where only the tested base-isolation layer involves great nonlinearity,

while the numerical substructures are treated linearly. However, the

convergence becomes more difficult and time-consuming when nonlinearity

is considered for all substructures. In the P2P framework, the convergence is

dominated by the quasi-Newton procedure, which is a typical equation-solution

procedure. The convergence speed is the main concern to examine, because

nonlinearity may result in a large number of iterations and thus the system

becomes inefficient. Considering the procedure used for the P2P framework,

the following factors are found to affect the convergence speed: (1) conver-

gence criteria and tolerance; (2) type of divisions into substructures; (3) number

of degrees of freedom on the boundaries; (4) initial stiffness prescribed for the

first quasi-Newton procedure. The effects of the four factors are examined by
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using a mass-spring model with nine degrees of freedom. The nonlinearity is

mimicked by using the Ramburg-Osgood function. Moreover, the linear

assumption adopted for the tested substructure during both predicting and cor-

recting procedures would introduce extra energy into the dynamic system,

which probably contaminates the dynamic responses, and even leads to insta-

bility. A spectral method is thus employed to examine numerical characteristics

of the proposed predictor-corrector procedure.

In Chapter 8, two typical applications are presented, one of the conventional

online hybrid test and one of the P2P Internet online hybrid test, in order to dem-

onstrate the utility and efficiency of this method in engineering practice. First,

the seismic performance of a retrofitted reinforced concrete shear wall building

is evaluated through substructure online hybrid tests. Then, the collapse of a

one-bay, four-story steel moment frame is simulated by the proposed P2P Inter-

net online hybrid test system, using an improved test scheme.
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2.1 INTRODUCTION

The seismic performance of structural systems under earthquake loading is no

doubt an area requiring extensive research. In fact, many research bodies all

over the world have been engaged in investigating the seismic response of var-

ious types of structural systems. In general, research on the seismic performance

of structural systems can be classified into two groups: analytical research and

experimental research. Because of innovation in the fields of electronics and the

mechanics, the progress of those two groups of research has been remarkable. It

is now by no means difficult to simulate the static and dynamic earthquake

response of complex structural systems using numerical techniques, such as

the finite element method. The development of experimental hardware has also

made it feasible to conduct large-scale static and dynamic tests with careful test

control.

About 40 years ago, a new type of research techniques to study earthquake

response behavior of structural systems was developed. This technique is

unique because it combines the experiment and numerical analysis, and utilizes

the benefits of both experimental and analytical research. With this technique,
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one can directly simulate the earthquake response of structural systems with

respect to the time domain, but without using a shake table device. This tech-

nique has been designated with various names: computer actuator online test,

hybrid experiment, pseudodynamic test, or online computer test control

method. Recently it is more often designated as hybrid simulation. In this book,

this technique is designated as the online hybrid test control method, and simply

referred to as the online hybrid test.

2.2 BASIC CONCEPTS AND APPLICATIONS

2.2.1 Test Methodology

The basic idea of the online hybrid test method is quite simple if one is familiar

with the procedures involved in conventional quasi-static testing and numerical

time integration techniques used in dynamic analysis of structures. First, the

structure to be tested is idealized as a discrete-parameter system that has a lim-

ited number of degrees of freedom (DOF), each of which is controlled by an

actuator in a quasi-static manner. This is why the online hybrid test is also

referred as the pseudodynamic test. Consider, for example, the four-story frame

shown in Fig. 2.1a. Since the axial stiffness of the floor beams is usually much

higher than the flexural stiffness of the columns and the response of the frame

under a horizontal base motion is expected to be dominated by the inertia forces

developed at the floor levels, one can idealize the structure as a 4-DOF system,

as shown in Fig. 2.1b. The equations of motion for this structure can thus be

expressed as:

Ma +Cv + r¼ f (2.1)

in whichM andC are the mass and dampingmatrices of the structure, v and a are
the vectors of nodal velocities and accelerations, r is the nodal restoring force

vector, and f is the external excitation. For a linearly elastic system, r¼Kd,
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FIGURE 2.1 Online hybrid testing of a two-bay frame. (a) Two-bay frame, (b) discretized model.
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where K is the stiffness matrix of the structure and d is the vector of nodal dis-

placements. If the structure is subjected to a horizontal ground acceleration ag,
f ¼�M 1f gag, where {1} is a unit vector.

Once the structural model is discretized, its equations of motion are solved

by means of a direct step-by-step integration scheme in an online hybrid test,

with the mass and viscous damping properties of the structure modeled analyt-

ically. In every time step of a test, the displacement response computed for each

DOF is imposed on the structure in a quasi-static fashion by means of actuators,

and the restoring forces, r, developed by the structure are measured with load

transducers and are used to compute the response in the next time step. Hence,

one can see that the online hybrid test method is essentially similar in concept to

dynamic structural analysis, except that the stiffness properties of the structure

are directly measured from the structural specimen during a test. Since the iner-

tia effects are modeled analytically, such a test can be conducted in a quasi-

static fashion with conventional testing equipment. The details of this method

have been summarized by Mahin and Shing [1].

2.2.2 Research Applications

Amost desirable feature of the online hybrid test method is its versatility. It can

be used to evaluate the earthquake performance of large full-scale structures

[2–5], small-scale structures [6], and structural subassemblies and components

[7–10]. Both the planar and three-dimensional response of a structure can be

investigated with this method [11,12]. Even though the shaking table test

method has been known as the most direct experimental technique to simulate

the earthquake response of structures, it has some limitations, such as the size

and weight of a structure that can be tested. Furthermore, the cost of a table goes

up rapidly with its size, capacity, and number of DOF. On the other hand, an

online hybrid test can be carried out with a large-scale structure because of

the relatively slow rate of load application. For a given hydraulic power capac-

ity, a slow-moving actuator can have a larger-diameter piston and, thereby,

produce a larger force than a fast-moving actuator.

The physical limitations of an online hybrid test system are, however, the

number and capacities of actuators that are available, and the dimensions

and load capacities of reaction systems that are used to support the structural

specimen and the actuators. However, the capacity of such a system can be

expanded gradually to meet any changing needs. When compared with conven-

tional quasi-static tests, the online hybrid test method can be considered as a

major enhancement that requires only a small incremental investment. The

online hybrid test method is especially attractive for evaluating the earthquake

performance of multi-DOF structures and structural subassemblies. While con-

ventional quasi-static testing is useful for comparing the performance of differ-

ent structural designs under a standardized load history, it does not account for

the ductility demand of an earthquake ground motion on a structural specimen
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or the proper distribution of earthquake-induced forces. Such problems can be

resolved with the online hybrid test method, in which the displacement history

and pattern applied to a structure are determined from the equations of motion.

With an analytical substructuring procedure, the online hybrid test method

can be applied to structural subassemblies. Very often, the damage inflicted

upon a structure by seismic excitation is localized in a few critical regions or

subassemblies. In such a case, there is no compelling reason to test the entire

structural system. One can take advantage of such a situation in an online hybrid

test by testing only the critical subassembly and modeling the rest of the struc-

ture in a computer. The equilibrium and displacement compatibility conditions

between the experimental and analytical substructures can be enforced with a

standard substructuring approach. For example, let us consider the four-story

frame shown in Fig. 2.1a, and we are only interested in testing the critical

beam-column subassembly located at the bottom of the frame, which is shown

in Fig. 2.2. To derive the proper displacement or load boundary conditions that

are to be imposed on the experimental substructure, the rest of the frame is mod-

eled in a computer. The equations of motion for the entire structure and the total

restoring forces developed can then be assembled for direct step-by-step anal-

ysis. The displacement responses computed are imposed on the analytical and

experimental substructures accordingly. The displacements are imposed on the

experimental substructure with actuators, as shown in Fig. 2.2. This method was

first developed and implemented by Dermitzakis and Mahin [13], and has had a

number of promising developments in recent years [9,14–16].

One useful application of the substructuring test method is to evaluate the

performance of base-isolation devices, as shown by the example in Fig. 2.3.

The main intention of a base-isolation device is to dissipate energy and prevent

the transmission of large seismic forces to the superstructure. In such a case, the

major source of nonlinearity in the system is in the isolation devices, and the

superstructure can be modeled with a reasonable level of accuracy in a

H1

H2

V

I
I I

E

Experimental
substructure

Analytical
substructure

FIGURE 2.2 Substructure test of a two-bay frame.
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computer. Hence, one can treat the superstructure as an analytical substructure,

and test only the isolation device as shown in Fig. 2.3. The interaction of the

superstructure with the isolation device can be handled analytically with a stan-

dard substructuring scheme. Since the damping characteristics of many isola-

tion devices are sensitive to the rate of loading, a fast online hybrid testing

technique has been developed by Nakashima [7] for such applications. Fast

online hybrid testing, which is also known as real-time online hybrid testing,

has been developed rapidly within the last 10 years. In this book, real-time

online hybrid testing is not included.

2.2.3 Advantages and Constraints

The online hybrid test is a numerical technique utilizing the experimental infor-

mation on the analyzed system’s restoring force characteristics, which often are

the most difficult properties to model within the computer domain. Application

of this technique was made possible for the first time after the advancement of

experimental hardware and their control systems, with the use of computers.

The online hybrid test has some advantages over both pure numerical analysis

and quasi-static tests. Different from the pure numerical analysis, it obtains the

Main structure

Viscous damper Rubber bearing
(a) (b)

2640 400 1700

30
0

40
0

40
0

(Unit: mm)

Jack

Load cell

Specimen

(c)
FIGURE 2.3 Substructure test of base-isolation devices. (a) Structural model, (b) spring-mass rep-

resentation, and (c) test setup used in pseudo-dynamic test.
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restoring force directly from the test, thus it can simulate the complex behavior

of structures or structural members without having their numerical model.

Different to the quasi-static test, which can only be used to investigate the

capacity of structures or structural members, it can simulate the seismic

responses of structures or structural members and can be used to investigate

both the seismic demands and structural capacity.

The online hybrid test possesses a variety of advantages over the shaking

table test, the most direct test method for simulating the earthquake response

behavior of structural systems. Some of the major advantages of the online

hybrid test are as follows: (1) as the loading can be quasi-static, less actuator

capacity is required than in the shaking table test if the same specimen is tested;

(2) since the loading can be repeated, the process of loading and pausing, con-

ventional measuring devices used in quasi-static test are sufficient, whereas in

the shaking table test measurements should be simultaneously and continuous;

and (3) because of the discrete loading, the loading can be stopped at any time

upon request, and this enables us to closely observe the local behavior of indi-

vidual structural elements.

As stated above, the online hybrid test has been found to be a very attractive

technique for simulating the earthquake response behavior of a structural sys-

tem, and many researchers in Japan, the United States, and more recently in

Europe and China, have employed this technique for their individual research

and studies on the seismic characteristics of various structural systems.

While the online hybrid test method provides an efficient means for exper-

imental research, it is not without limitations. The method is not practical for

testing a structure which requires a fairly refined spatial discretization to cap-

ture its dynamic behavior in a realistic manner. This includes structures, such as

concrete dams, which have a fairly uniformmass distribution. The testing of this

type of structure with the online hybrid method may require a large number of

actuators, which reduces the attractiveness of the method. Furthermore, it is

important to emphasize that in an online hybrid test, the viscous damping prop-

erties of a structure are assigned rather arbitrarily in accordance with conven-

tional wisdom. This is based on the notion that the energy dissipation in a

structure is usually dominated by hysteretic damping, which can be accurately

accounted for in an online hybrid test. Hence, the online hybrid test method

would not be appropriate if the response of a structure is highly sensitive to

its viscous damping properties and if one has difficulties in identifying them

precisely.

Online hybrid test results should be carefully interpreted with consideration

of the rate-of-loading effects. Usually, the strength of a material is lower with a

lower rate of loading. Therefore, a quasi-static rate of loading may yield a lower

structural resistance and may, therefore, lead to a higher ductility demand on a

structure than a dynamic load [17]. Furthermore, there are cases that the failure

mechanism of a structure, such as the localization of damage, may depend on

the rate of loading. Such possibilities should be considered when test results are
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interpreted. However, it should also be noted that when a small-scale model is

tested on a shaking table, it is not possible to satisfy the dynamic similitude and

yet maintain the same strain rate as the prototype structure at the same time. As a

consequence, a small-scale model is often subjected to a higher rate of loading

when compared with the prototype.

It is evident that the online hybrid test method is not suitable for problems

where real-time dynamic response is a key consideration. Even though this

problem has been partially resolved by Nakashima [7] by introducing a real-

time online hybrid testing technique, it cannot be used, for example, for the per-

formance evaluation of active control systems, where time delay is an important

consideration. In summary, the online hybrid test method can be considered as a

good alternative to conventional static and dynamic test methods for a specific

class of problems that are commonly encountered in structural research, but it is

certainly not a replacement for these methods.

2.3 IMPLEMENTATION AND MAJOR COMPONENTS

2.3.1 Implementation

The basic equipment requirement for an online hybrid test is essentially the

same as that for a conventional quasi-static test [1,15]. In such a test, the defor-

mation of the structural specimen is controlled by hydraulic actuators or

mechanical jacks. To control the motions of different actuators in a steady

and synchronized manner, a function generator is needed. A function generator

is a digital device with which incremental displacement signals can be pro-

grammed and modulated as functions of time. The output from this device com-

mands the motions of the actuators through electronic controllers. The

controllers provide a closed-loop displacement control based on the feedback

from displacement transducers attached to the structure or actuators. Nowadays,

one can easily find a digital controller which has a built-in function generator.

Furthermore, a data-acquisition system and a computer are needed. The latter is

used for the numerical computation.

Figure 2.4 shows a conceptual flow of an online hybrid test. In each step of a

test, the equations of motion are solved and displacement increments are com-

puted. The computer can also be used to determine the velocities with which the

displacement increments are to be imposed on the structure. The velocities

should be set in such a way that the target displacements will be reached more

or less at the same instant of time. This information is sent to a function gen-

erator, which commands the actuator controllers. Once the displacements are

imposed on the structure, the computer is signified to collect data. The restoring

forces developed by the structure are acquired and used to compute the displace-

ment increments in the next step.

The control of structural displacements in an online hybrid test usually

requires a much higher precision than conventional quasi-static tests. Any errors
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in displacement control are reflected in the restoring forces measured, which are

used in the step-by-step computation. These errors can thus accumulate rapidly

as time marches on [18–21]. The tolerance for these errors depends on the spe-

cific numerical algorithm used. A number of time integration schemes have

been adopted and modified for online hybrid tests. They can be divided into

two types. One is explicit [22] and the other is implicit [11,14,23–25]. Explicit

schemes are conditionally stable, whereas a number of implicit schemes are

unconditionally stable. The latter are, therefore, more suitable for testing

multi-DOF structures. In the following sections, three different time integration

schemes are presented. They are the central difference method, the α-method

[24–26], and the operator-splitting (OS) method [14]. The first is an explicit

method, while the last two are implicit and unconditionally stable. The imple-

mentation of these schemes for online hybrid tests is illustrated with test

examples.

2.3.2 Major Components [27]

In its most basic application, an online hybrid test requires a numerical model of

the structure with at least one physical tested component. Starting with a com-

plete numerical model of the structure being analyzed represented by the

dynamic equilibrium equation of motion, the component to be tested in the

lab is removed numerically and replaced through a specialized link to the lab-

oratory that allows data interchange at each integration step. For the purposes of

this primer, it is assumed that there is only one computational and one physical

component.

Figure 2.5 shows a configuration of basic components in such an online

hybrid test. In a typical online hybrid test, the computational component sends

target displacement to the physical component and the physical component

returns measured force.

[M ]{a}+[C]{v}+{F(d )}=–[M ]{1}ag

Computer domain

ag: acceleration input

{d}: displacement output

di

di

Fi (d )

Test domain

{F(d )}

{d}

FIGURE 2.4 Conceptual flow of online hybrid test.
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The equipment used for quasi-static testing in most structural testing facil-

ities can be utilized to conduct an online hybrid test. As shown in Fig. 2.5, the

required laboratory setup includes: (1) a servo-hydraulic system, consisting of

an actuator, controller, and pressurized hydraulic oil supply; (2) a physical spec-

imen with the actuators attached at the DOF, where the displacements are to be

imposed; and (3) sensors to measure the responses of the physical specimen.

The major addition to standard equipment typically available in structural test-

ing laboratories is a computer that can be programed to solve the equation of

motion for the whole structure. This computer can be linked to hydraulic

controllers and data acquisition, either by digital means or via analog/digital

converters to send and receive analog signals to the equipment. In an online

hybrid test, an experimental substructure can have one or more DOF and thus,

the experimental setup will have one or more actuators. Additionally, an online

hybrid test can have multiple experimental substructures.

The laboratory equipment above should be linked to a computer hosting the

numerical simulation that is capable of computing a target displacement based

on feedback from the laboratory transducers and then sending this displacement

as a new command to the actuators. This may require custom coding to program

the simulation and communication protocols with the laboratory; however,

there are now some standard packages (e.g., UI-SIMCOR [12]; OpenFresco

[16]) to accomplish these tasks to link to the experimental setup.

A hybrid simulation requires a controlling simulation component, often

called the “master simulation” or “simulation coordinator,” which encapsulates

the whole structural model including all substructures. This master simulation/

simulation coordinator controls a time-stepping integration algorithm and coor-

dinates the communication between substructures.

2.4 SINGLE DOF STRUCTURE WITH EXPLICIT SCHEME

2.4.1 Test Structure

A 9-mm (0.35-in.)-thick steel panel was tested as a single DOF structure [13].

The panel was confined by top and bottom plates and a flange on each side. The

test setup is shown in Fig. 2.6. A horizontal actuator was attached to the spec-

imen via an L-shaped crosshead. The centerline of the applied load passed

Computational component

• Numerical substructure(s)
• Time stepping integration
• Coordinator
• Communication

Physical component

• Experimental substructure(s)
• Servo-hydraulic system
• Sensor(s)
• Communication

Target
displacement

Measured
force

FIGURE 2.5 Basic components in online hybrid test.
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through the mid-height of the panel to prevent the rotation at the top. The hor-

izontal displacement at the top of the panel was measured by a digital transducer

as shown in the figure. The initial elastic stiffness of the specimen was measured

to be 500 MN/m (2855 kip/in.). It was assumed that the structure had a mass of

12.9 Mkg (73.7 kip s2/in.) and a viscous damping of 2% of the critical. The

ground acceleration record obtained at the Tohoku University in the 1978

Miyagiken-oki earthquake was used as the input excitation.

2.4.2 Test Method

The test was conducted with typical testing apparatus that were used for con-

ventional quasi-static tests. As shown in Fig. 2.6, a hydraulic jack was used

to control the displacement of the specimen. The stroke and velocity of the jack

were regulated by a digital controller based on the feedback of the digital dis-

placement transducer. The restoring force developed by the specimen was mea-

sured by a load cell. The unique feature of this setup is that three personal

computers were employed. One was used for data processing. One was used

to determine the ram speed and send the information to the digital controller,

which also had a function generator. The third computer was used to solve

the equation of motion and calculate the displacement response in each

time step.

The central different method was employed to solve the equation of

motion. This method is explicit and conditionally stable, which is certainly

not a problem for a single DOF structure. By applying the central difference

Hydraulic
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inverter
motor

Controller
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Date logger

PC for
control
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PC for
data processing

Jack
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AF
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Digital 
displacement
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digital dataDF DD

DD
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DD Trigger
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Pull Push
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DD: digital displacement signal; AF: analog force signal; DF: digital force signal

FIGURE 2.6 Online hybrid test of a shear panel.
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approximations to the velocity and acceleration quantities and substituting them

into Equation (2.1), the computation procedure can be expressed as follows:

di + 1 ¼ M

Δt2
+

C

2Δt

� ��1
2M

Δt2
di� M

Δt2
� C

2Δ

� �
di�1� ri�Magi

� �
(2.2)

in which Δt is the integration time interval and the subscript i represents the
respective quantities at t¼ iΔt. The scheme is stable provided ωΔt is�2, where

ω is the angular frequency of the structure. The central different method is a

two-step method, which needs the displacement quantities at the two previous

time steps to compute the response in the current step. To evaluate di at time

equal to zero, one can introduce a fictitious displacement d�1 that is consistent

with the central difference approximation as follows [19]:

d�1 ¼ d0�Δtv0 +
Δt2

2
a0 (2.3)

in which a0 can be computed from the equation of motion knowing the initial

velocity and displacement.

The test procedure can be summarized as follows. In each step i, the dis-

placement di was imposed on the specimen by the jack. The restoring force

ri developed by the structure was measured by the load cell and substituted into

Equation (2.2) to compute di+ 1. This procedure was repeated by setting i¼ i + 1
until the entire response history was obtained. The integration time interval Δt
was chosen to be 0.02 s. This resulted in a ωΔt of 0.128, which is considered to
be sufficiently small to ensure an accurate solution.

Additional remarks. Experimental errors are often inevitable in an online

hybrid test. For example, the target displacement computed may not be pre-

cisely imposed on a structural specimen. As a result, the structural restoring

force developed and measured will have an error. The propagation of these

errors in a test depends on the integration scheme used. With the central differ-

ence method, one should be aware of the following conditions to assure good

test results [19,20].

1. It is better to use computed displacement values in Equation (2.2) for finding

di + 1. Using experimentally measured displacements will severely amplify

the cumulative errors in the numerical results.

2. Systematic errors are often introduced in the control of structural displace-

ments. Undershoot errors are introduced when the stroke of a jack tends to

lag behind the target displacement consistently. With the central difference

method, this type of error introduces spurious energy into the system. Over-

shoot errors occur when a jack tends to overshoot the target displacement.

This introduces an energy dissipation effect. For a single DOF structure, the

impacts of these two types of errors are similar. While the former will excite

the structural response, the latter will attenuate the response. However, for a

multi-DOF structure, the former is very undesirable as they can excite the

Basics of the Online Hybrid Test Chapter 2 21



higher-mode response of a structure in a very severe manner. Hence, this

type of error should be avoided by all means.

3. One way to detect overshoot and undershoot errors is to construct the Fou-

rier amplitude spectrum of the displacement errors, which can be obtained

by calculating the difference between the computed and measured displace-

ments. Overshoot and undershoot errors are represented by long spikes in

the Fourier spectrum occurring near the natural frequencies of the structure

[19]. For a multi-DOF structure, overshoot errors are reflected by a spike at

the fundamental frequency, while undershoot errors are reflected by a spike

at the highest natural frequency. The latter is due to the excitation of the

highest mode.

4. Before any destructive test, one should always conduct a small-amplitude

trial test to detect the presence of the aforementioned errors and tune the

loading apparatus if necessary. For a single DOF structure, these errors

are usually not very crucial as long as they are relatively small, depending

on the number of time steps in a test. It is recommended that they be smaller

than 0.2% of the peak displacement of the structure for a typical test with

1000 steps. For multi-DOF structures, while overshoot errors can follow the

same guideline as above, undershoot errors are not acceptable under any

circumstances.

2.4.3 Test Results

The online hybrid test results obtained with the steel panel subjected to a high

level of ground acceleration are shown in Fig. 2.7. The experimental results are

compared with the numerical results obtained bymodeling the hysteretic behav-

ior of the specimen with modified Ramberg-Osgood functions [28]. An excel-

lent correlation was obtained. It should be mentioned that the undershoot errors

detected in this test were around 0.01 mm, which was about 0.05% of the peak

displacement response. In general, the energy effects introduced by systematic

errors are diminished by the hysteretic damping of a structure.
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FIGURE 2.7 Results of an online hybrid test conducted on a shear panel. (a) Displacement

response, (b) force-displacement response.
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2.5 SUBSTRUCTURE TEST WITH OS SCHEME

2.5.1 Test Structure

A substructure test was conducted on a 10-story building model, which had a

hysteretic damper in each story, as shown in Fig. 2.8. Each damper was a panel

made of low-yield steel. It dissipated energy through shear deformation. The

yield stress of the steel was about one-third of that of mild steel. The building

was modeled as a 10-DOF spring-mass system, as shown in the Fig. 2.8. The

inherent viscous damping of the structure was assumed to be proportional to

the initial stiffness and the damping for the first mode was set to 2% of the crit-

ical. The ground motion record obtained at the Tohoku University during the

1987 Miyagiken-oki earthquake was used as the input excitation.

2.5.2 Test Method

Substructuring techniques were used to treat the hysteretic damper in the first

story as an experimental substructure, while the rest of the frame was modeled

in a computer. In the computer model, the frame was assumed to respond elas-

tically and the dampers were modeled with modified Ramberg-Osgood func-

tions [28]. The test setup shown in Fig. 2.6 was used again.

The time integration scheme used in this test is unconditionally unstable and

is termed the OS method [14]. Unlike the implicit scheme presented above, the
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FIGURE 2.8 Ten-story building model with hysteretic damper. (a) 10 story building model with

hysteretic damper, (b) 10-DOF system representing 10 story building model.
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OS method does not require any iteration for the nonlinear analysis. In this

method, the equations of motion are formulated as follows.

Mai+ 1 +Cvi+ 1 +Kdi + 1 + eri+ 1�Kedi+ 1� �
¼ fi+ 1 (2.4)

in which K is the predictor stiffness matrix of the structure and eri+ 1 is the restor-
ing force vector based on predictor displacements edi+ 1. The displacement and

velocity quantities are approximated in the same way as in the constant-aver-

age-acceleration method, i.e.,

di+ 1 ¼ edi+ 1 + Δt2

4
ai+ 1 (2.5)

vi+ 1 ¼ vi +
Δt
2

ai + ai+ 1ð Þ (2.6)

where

edi+ 1 ¼ di +Δtvi +
Δt2

4
ai (2.7)

With this scheme, a test can be conducted as follows. Assuming that the

response in step i has been computed, calculate the predictor displacementsedi+ 1 with Equation (2.7) and impose them on the analytical and experimental

substructures, respectively. Measure the restoring forces developed by the

specimen and assemble eri+ 1 for the entire structure. Substitute eri+ 1 andedi+ 1 into Equation (2.4) and solve for di+ 1 with Equations (2.4)–(2.7). Repeat
the above procedure by setting i¼ i + 1 until the entire response history is

obtained.

The OS method is unconditionally stable as long as predictor stiffness K
adopted in Equation (2.4) is greater than or equal to the actual secant stiffness

of the structure. This method has a major advantage, in that it requires no

iteration for a nonlinear structure by introducing an approximate correction,

i.e., eri+ 1�Kedi+ 1� �
, to the restoring forces. However, because of this, the

method also introduces a more severe frequency distortion than the constant-

average-acceleration method [14]. Furthermore, since the accuracy of the force

correction term is also affected by the quality of the restoring forces measured,

an accurate control of structural displacements is important for this scheme.

The OS method has been combined with substructuring techniques by Pan

[29] to investigate the performance of base-isolation pads in a nine-story steel

frame, Tsutsumi [30] to study the behavior of a steel column, and Tsai [9]

to study the performance of energy-dissipating devices in an eight-story

steel frame.

2.5.3 Test Results

The integration time interval chosen for this test was 0.2 s, leading to a ωmaxΔt
of 2.29, where ωmax represents the highest angular frequency of the structure.
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This would not be possible for the conditionally stable central different method.

The test results are shown in Fig. 2.9. A close correlation was obtained between

the experimental and numerical results. The latter was obtained with the full

structural model whose dampers were simulated with modified Ramberg-

Osgood functions.

2.6 CONCLUSIONS

This document presents a brief introduction of the online hybrid test including

basic ideas, procedures, and components with a few simple examples. It is

intended to help new users get a better understanding of online hybrid testing,

identify the applicability of the online hybrid test to their research, and conduct

online hybrid tests for their research needs.
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3.1 INTRODUCTION

In order to solve the equations of motion in an online hybrid test, time integra-

tion algorithms are used. Therefore, the study of these algorithms and their char-

acteristics is of great importance. This chapter gives the basics to help the reader
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to have a better understanding of them. First introduced in this chapter are the

principles of time integration algorithms and definitions of important proper-

ties. Second, the development of time integration algorithms, which are catego-

rized into families, and the improvements in each family are presented. They are

also summarized in Appendix A. Third, the typical analysis methods for stabil-

ity and accuracy of integration algorithms are introduced. Fourth, several fre-

quently used time integration algorithms are presented and their stability and

accuracy are analyzed. Finally, important applications of time integration algo-

rithms for online hybrid tests are summarized.

3.2 PRINCIPLE OF TIME INTEGRATION ALGORITHMS
AND PROPERTIES

The equations of motion for structural dynamics are second-order ordinary dif-

ferential equations [1], which are based on a spatially discretized structure model,

as shown in Equation (3.1) whereM, C, andK represent the mass, damping, and

stiffness matrices, respectively, €d tð Þ, _d(t), and d(t) are the acceleration, velocity,
and displacement vectors, respectively, and f(t) is the external force vector. These
vectors are continuous functions of time. Therefore, Equation (3.1) is also called

semi-discretized equation.

M€d tð Þ+C _d tð Þ+Kd tð Þ¼ f tð Þ (3.1)

The essence to solve Equation (3.1) by a time integration algorithm is to dis-

cretize Equation (3.1) further in the time domain and integrate it step by step. To

this end, researchers have already developed many time integration algorithms

which can be basically categorized into two groups: explicit algorithms and

implicit algorithms. In the following part, each algorithm is grouped as families

according to their developing basis.

Before the introduction of algorithms, some definitions of numerical prop-

erties of the algorithms should be clarified first. The most important numerical

properties are stability and accuracy [2].

Stability is defined as the ability to suppress the initial error in the step-by-step

integration. If the initial error is always kept under a certain level, the algorithm is

called stable, otherwise instable. If stability is related to the size of time step (time

interval), it is called conditionally stable, otherwise unconditionally stable.

Accuracy is defined as the similarity between the analytical solution of

Equation (3.1) and the time integration result. If the time interval gets closer

to zero and the time integration result also gains upon the analytical solution,

this method is called “accurate” or “consistent.” To explore accuracy of a time

integration algorithm, a truncation error τ is introduced to reflect the difference
between the analytical solution and the time integration result. If Equation (3.2)

is satisfied, the algorithm is called accurate and k is called the “order of

accuracy.”
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τ¼O Δtk
� �

(3.2)

where Δt is the time interval, k is a constant which is independent of Δt, and
k> 0.

Other important numerical properties are numerical dissipation (damping)

and period distortion. Numerical damping is helpful to suppress the spurious

high-frequency excitation introduced by the spatially discretized approximation

or the experimental measuring errors. It is always expected to be small for low-

frequency responses but relatively big for high-frequency responses. The period

distortion is always expected to be small for all frequencies.

3.3 DEVELOPMENT OF TIME INTEGRATION ALGORITHMS

Based on the genetic development of existing time integration algorithms, they

are grouped as (1) linear multi-step methods; (2) Newmark’s family; (3) collo-

cation methods; (4) α-family; (5) ρ-family, and (6) mixed implicit-explicit

methods.

3.3.1 Linear Multi-Step Methods

Linear multi-step methods [3], namely the central difference method (CDM),

the trapezoidal rule, Gear’s two-step method [4], Houbolt’s method [5], and

Park’s method [6], are based on the second- or first-order difference of dis-

placement. The numerical characteristics of these methods have been previ-

ously investigated [4,6–10], and the following conclusions can be drawn:

(1) the CDM is the only explicit one among these methods; (2) the trapezoidal

rule, Gear’s two-step method, Houbolt’s method, and Park’s method are

unconditionally stable, while the CDM is conditionally stable; (3) all these

methods are second-order accurate; (4) the CDM and the trapezoidal rule have

no numerical damping; (5) Houbolt’s method and Gear’s two-step method

have similar numerical damping which, however, affects the low-frequency

modes greatly; (6) Park’s method has a more desirable numerical damping

(also referred to as the optimal numerical damping in the following text),

which affect the low-frequency modes very little but suppress the high-

frequency modes greatly; (7) based on (4)–(6), the accuracy of these methods,

when applied for linear undamped systems dominated by low-frequency

modes, ranks from higher to lower as: the trapezoidal rule, the CDM,

Houbolt’s method, Gear’s method, and Park’s method; (8) the CDM shortens

the period, while the other methods enlarge the period; (9) a common short-

coming of the linear multi-step methods is that they are not self-starting. A

starting procedure has to be inserted before the time integration procedure

to get the initial values of several previous steps.
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3.3.2 Newmark’s Family Methods

Newmark’s family [11] is a group of one-step methods, which was developed by

introducing two parameters, i.e., β and γ. The most notable members of this fam-

ily include: the average acceleration algorithm (identical to the trapezoidal rule),

the linear acceleration algorithm, Fox-Goodwin algorithm, and an explicit

method, the numerical properties of which are identical to the central difference

algorithm. The average acceleration algorithm is unconditionally stable, while the

other three are conditionally stable. The common feature of these methods is that

they are at least second-order accurate and they do not include numerical dissi-

pation. If the numerical dissipation is included for the Newmark’s family, they

become first-order accurate. This numerical dissipation, called γ-dissipation,
however, not only affects the high-frequency modes greatly, but also the low-

frequency modes. Several algorithms were proposed to improve the numerical

dissipation of the explicit Newmark method, without degrading its accuracy.

Shing and Mahin [12] proposed an explicit method with two parameters, i.e.,

α and ρ. The numerical dissipation is controlled by selecting the values satisfying

α� 0 and ρ< 0. The numerical dissipation for low-frequency modes, however, is

not small. A better control of the numerical dissipation was proposed by Chang

[13], which is also called the γ-function method. By carefully selecting the values

for γ, a desirable numerical dissipation for lower or highermodes is provided. The

selection of γ, however, is rather complex because initial stiffness and mass are

involved. A similar method with easier control of numerical dissipation was

developed by Chung and Lee [14]. If the controllable parameter β is chosen in

a range of 1� β� 28=27, the desirable numerical dissipation can be obtained.

These explicit algorithms of Newmark’s family are conditionally stable. Chang

[15] proposed an explicit time integration algorithm with unconditional stability,

but without any numerical dissipation.

3.3.3 Collocation Methods

The idea of collocation was first proposed by Wilson when developing the so-

calledWilson-θmethod [16]. The key is that the equations of motion are satisfied

at the time n+ θð ÞΔt θ� 1ð Þ, but not at the time n+ 1ð ÞΔt. The Wilson-θ method

is an unconditionally stable and second-order accurate method if θ� 1:37. The
period is elongated by thismethod. The desirable numerical dissipation is realized

by adjusting θ. This numerical dissipation, however, cannot be reduced continu-

ously to zero, and the effect on low-frequency modes is small but still not neg-

ligible. The collocation method [17] combines aspects of the Newmark-β
algorithm and the Wilson-θ algorithm, and includes the Wilson-θ algorithm as

one special case. If the parameters are properly selected, this method is uncondi-

tionally stable and second-order accurate. Optimal θ values for given β are

derived to achieve a desirable numerical dissipation, the magnitude of which

is controlled continuously by the value of β.
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3.3.4 α-Family Methods

The numerical dissipation property of the Newmark’s methods can be improved

significantly by introducing a parameter α into the equations ofmotion. Improved

methods are classified as a new group, the α-familymethods [18–22]. The numer-

ical dissipation property of the α-family methods basically is better than the opti-

mal collocation method [17]. When the parameter α is employed for the damping

and the stiffness terms of the equations of motion, it is formulated as the Hilber-

Hughes-Taylor (HHT)-αmethod [18,19]. If the α parameter is associatedwith the

mass term only, theWood-Bossak-Zienkiewicz (WBZ)-αmethod [20] is formed.

Both the HHT-α method and the WBZ-α method are second-order accurate and

unconditionally stablemethodswithoptimalnumerical dissipation.Thenumerical

dissipation properties of theWBZ-αmethod can be adjusted similarly to theHHT-

αmethod.But for somespecial cases, theWBZ-αmethod ismore accurate than the

HHT-α method [20]. Chung and Hulbert [21] combined the HHT-α method and

the WBZ-α method to construct the generalized-α method. Parameters are opti-

mized to achieve unconditional stability, second-order accuracy, and optimal

numerical dissipation. It permits high-frequency dissipation to vary from the no

dissipation case to the so-called asymptotic annihilation case. It is advantageous,

from the user’s viewpoint, to be able to specify the algorithmic parameters in terms

of the high-frequency dissipation, since the desired degree of high-frequency dis-

sipation is usually a known quantity. An explicit form of the generalized-α algo-

rithm was also developed by Hulbert and Chung [22]. The optimal numerical

dissipation is also available. It is second-order accurate, but conditionally stable.

3.3.5 ρ-Family Methods

A family of time integration method with desirable numerical properties, such

as second-order accuracy, unconditional stability, and optimal numerical dissi-

pation, was proposed by Bazzi and Anderheggen [23,24]. They employed shape

functions to approximate the nonlinear restoring forces and displacement, and

set the nonweighted integral of the residuals of the equations of motion to be

zero. The parameter ρ is used to control the magnitude of the optimal numerical

dissipation, which is quite similar to the HHT-αmethod. The notable advantage

of this family is that the average value of the external force is used and thus can

capture the high-frequency components in the external force [24]. An explicit

form of this algorithm was also developed [23], which was found to be identical

to the central difference algorithm in terms of numerical properties.

3.3.6 Mixed Implicit-Explicit Methods

The mixed implicit-explicit methods are developed by combining the merits of

the explicit methods and the implicit methods. The most famous one was pro-

posed by Hughes and Liu [25,26]. In this method, a structure is divided into two
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parts. One is handled implicitly, while the other is done explicitly. The stability

and accuracy analyses should be carried out for the two domains separately. In

the implicit domain, the unconditional stability may be achieved. In the explicit

domain, however, it is conditionally stable. This method was further general-

ized by Hughes et al. [27], where the stiffness matrix is divided into linear

and nonlinear parts. The explicit method is employed for the integration asso-

ciated with the nonlinear part, while the implicit method for the integration

associated with the linear part. These methods become the theoretical basis

of many sequel online hybrid tests, which are introduced in Section 3.6.

Some special techniques are often employed to improve stability and accu-

racy of a time integration algorithm, such as the modal truncation technique [28]

to improve the stability of explicit time integration algorithms, the integral for-

mulation [29,30], and the state space procedure (SSP) [31] to improve the sim-

ulation accuracy. These techniques are summarized in detail in Section 3.5.

3.4 NUMERICAL CHARACTERISTICS OF TIME INTEGRATION
ALGORITHMS

A time integration method is said to be convergent if the result obtained from

this method gains upon the analytical result of Equation (3.1) when time interval

gets closer to zero. Based on the Lax equivalence theorem [32], which may be

stated as “consistency (accuracy) plus stability is necessary and sufficient for

convergence,” stability and accuracy properties of time integration methods

should be explored to demonstrate their effectiveness.

3.4.1 Spectral Stability

The time-discretized Equation (3.1) for a single degree-of-freedom (SDOF)

system is formulated as Equation (3.3) where m, c, and k represent the mass,

viscous damping, and stiffness of the SDOF system, respectively. an+ 1, vn+ 1,
dn+ 1, and fn + 1 are discretized values of acceleration, velocity, displacement,

and external excitation, respectively, at the time n+ 1ð ÞΔt.
man+ 1 + cvn+ 1 + kdn + 1 ¼ fn+ 1 (3.3)

Equation (3.3), when combined with the finite difference formulae provided

by individual time integration algorithm, can be reformulated into a recursive

matrix form as shown in Equation (3.4), whereA is called amplification matrix,

L is the load operator, and Xn+ 1 and Xn represent the state at the time n+ 1ð ÞΔt
and nΔt, respectively.

Xn+ 1 ¼AXn +Lfn+ 1 (3.4)

The essence of stability condition is that the error introduced into the approx-

imate solution by a particular difference method remains uniformly bounded as

n!1with n as the solution time step. The stability presented here is concerned
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with the rate of growth or decay of powers of the amplification matrix. To inves-

tigate the stability of a time integration method, the Jordan form of the amplifi-

cation matrix is employed as formulated in Equation (3.5) where P is the matrix

of eigenvectors ofA and J is the Jordan form ofAwith the eigenvalues λi ofA on

its diagonal. Then Equation (3.4) can be further written as Equation (3.6) by

introducing Equation (3.5) where X0 is the initial state. Let ρ(A) be the spectral
radius ofA, defined as Equation (3.7). Then Jn is bounded for n!1 if and only

if ρ Að Þ� 1. And it should be supplemented that eigenvalues ofA of multiplicity

greater than one should be strictly less than one in modulus [4].

A¼P�1JP (3.5)

Xn ¼AnX0 +
Xn
i¼1

An�iLfi, An ¼P�1JnP (3.6)

ρ Að Þ¼ max λij j, i¼ 1,2,3 (3.7)

Several applications on the spectral stability analysis for existing time inte-

gration algorithms have been carried out [2,33]. Amplification matrices for

most of the existing time integration algorithms are 3�3. Therefore, eigen-

values can be obtained according to a standard procedure for solving the follow-

ing algebraic equation, as shown in Equation (3.8). If the order of the

amplificationmatrix is larger than three, the implementation of spectral stability

analysis can be found [4]:

det A� λIð Þ¼ λ3�2A1λ
2 +A2λ�A3 ¼ 0 (3.8)

where A1 ¼ 1
2
of the trace of A, A2¼ sum of the principal minors of A, and

A3¼determinant of A.

3.4.2 Accuracy Analysis

Velocities and accelerations may be eliminated by repeated use of Equa-

tion (3.4) to obtain a difference equation in terms of displacements, as shown

in Equation (3.9). Suppose d(t) is a function that satisfies Equation (3.1) without
external force, then the truncation error τ can be defined as Equation (3.10). The
truncation error is a measure of the error occurring when the difference Equa-

tion (3.9) is used instead of the differential Equation (3.1). The definition of the

order of accuracy or rate of convergence has already formulated in Equa-

tion (3.2). By expanding d(t) about t using the Taylor series in Equation (3.10),
yields Equation (3.11).

dn+ 1�2A1dn +A2dn�1�A3dn�2 ¼ 0 (3.9)

τ¼ d t +Δtð Þ�2A1d tð Þ+A2d t�Δtð Þ�A3d t�2Δtð Þ
Δt2

(3.10)
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τ¼
Xm
i¼1

TiΔti�2 d
id tð Þ
d ti

+O Δtm�1
� �

(3.11)

where T0 ¼ 1�2A1 +A2�A3, Ti ¼ 1 + �1ð ÞiA2� �2ð ÞiA3

i! , i> 0.

Numerical dissipation and period distortion are often employed to specify

the accuracy of a time integration method. They can be formulated as the fol-

lowing text. Comparison of Equations (3.8) and (3.9) indicates that the discrete

solution has the representation as Equation (3.12), where, c1, c2, and c3 are

determined by the initial value. Note that Equation (3.12) is the general solution

of Equation (3.9) only if the eigenvalues are distinct. The cases with eigenvalues

of multiplicity of two and three are formulated as Equations (3.13) and (3.14),

respectively.

dn ¼
X3
i¼1

ciλ
n
i (3.12)

dn ¼ c1 + nc2ð Þλn1,2 + c3λn3 (3.13)

dn ¼ c1 + nc2 + n
2c3

� �
λn1,2,3 (3.14)

What we care about here is the case that has two complex conjugate eigen-

values, λ1,2, called “principal roots,” and a so-called “spurious root,” λ3, which
satisfy Equation (3.15). The solution of Equation (3.9) then can be expressed as

Equation (3.16). The accuracy of a time integration method is defined by two

measures: numerical damping ratio ξ and the period distortion, �T�Tð Þ=T,
where T¼ 2π=ω and �T¼ 2π=ω.

λ3j j< 1 and λ1,2
�� ��� 1 (3.15)

dn ¼ exp �ξωtn
� �

c1cosωtn + c2sinωtnð Þ + c3λn3 (3.16)

where λ1,2 ¼A�Bi¼ exp Ω �ξ� i
� �� �

, ω¼Ω=Δt, ξ¼� ln A2 +B2ð Þ= 2Ω
� �

,

Ω¼ arctan B=Að Þ.
Note that the stability and accuracy analysis methods are given only for a

linear SDOF system since response of a multi-degree-of-freedom (MDOF) sys-

tem can be treated as an assembly of SDOF systems if the concept of modal

analysis is employed. The above stability and accuracy analyses can be carried

out for each individual mode and select the most critical conditions for the

MDOF system.

3.5 ANALYSIS OF TYPICAL TIME INTEGRATION ALGORITHMS

Because of their good properties in terms of stability, accuracy, or implemen-

tation, several time integration algorithms are frequently used. Typical time
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integration algorithms are presented in detail in this section, while the others are

only given in Appendix A.

3.5.1 Central Difference Method

The CDM is widely used because of its simplicity. It is called the “central differ-

ence method” because the velocity and acceleration are formulated as the classi-

cal first- and second-order central difference approximations, as shown in

Equations (3.18) and (3.19), respectively. Numerical properties have already

been studied completely [7–9]. It is found to be a conditionally stable method

with the second-order accuracy. It has no numerical damping. The equation of

motion is formulated below, based on a SDOF system.

Algorithm

man + cvn + kdn ¼ fn (3.17)

vn ¼ dn+ 1�dn�1

2Δt
(3.18)

an ¼ dn+ 1�2dn + dn�1

Δt2
(3.19)

Stability

The stability analysis follows the procedure described in the preceding sec-

tion. Equations (3.17)–(3.19) at first are reformulated as the recursive matrix

form based on a linear SDOF system.

dn+ 1
dn

� �
¼

2�ω2Δt2

1 + ξωΔt
ξωΔt�1

1 + ξωΔt
1 0

24 35 dn
dn�1

� �
+

Δtfn
1 + ξωΔtð Þm

0

8<:
9=; (3.20)

where ξ¼ c
2mω and ω¼

ffiffiffi
k
m

q
.

The eigenvalues of the amplification matrix are:

λ1,2 ¼
f 2�ω2Δt2ð Þ� iωΔt

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 1� ξ2
� ��ω2Δt2

q
2 1 + ξωΔtð Þ (3.21)

The stability condition of the CDM is summarized as follows:

Condition 1 : ωΔt> 2 Unstable

Condition 2 : ωΔt< 2
ffiffiffiffiffiffiffiffiffiffiffiffi
1� ξ2

p
Stablewith two complex eigenvalues

Condition 3 : 2
ffiffiffiffiffiffiffiffiffiffiffiffi
1� ξ2

p
�ωΔt� 2 Stablewith two real eigenvalues

(3.22)
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Accuracy

Using Equations (3.16) and (3.21), both numerical damping ratio and period

distortion can be obtained. The following conclusions are drawn for the CDM:

(1) The numerical damping ratio and the distorted period gain upon the real

damping ratio and the real period, respectively, when the time interval

becomes smaller.

(2) If real damping ratio is<0.7, the distorted period is always smaller than the

real period; if real damping ratio is >0.7, the distorted period will increase

to infinite when time interval becomes larger.

(3) This method is second-order accurate.

3.5.2 Newmark’s Method

The Newmark-β method [11] is the most widely used family of time integration

methods. It adopts two parameters, namely β and γ, to indicate how much of the

acceleration at the end of the time interval enters into the relations for velocity and

displacement at the end of the time interval, as shown in Equations (3.24) and

(3.25). The Newmark’s family contains some special cases which may be

well-known and widely used, such as average acceleration method when

β¼ 0:25 and γ¼ 0:5, which is also called the “trapezoidal rule”; linear acceler-

ation method when β¼ 1=6 and γ¼ 0:5; Fox-Goodwin method [34] when

β¼ 1=12 and γ¼ 0:5, and an explicit Newmark-β method when β¼ 0 and

γ¼ 0:5, which actually is the same as the CDM. By carefully selecting the param-

eters, the Newmark-βmethod can be an implicit unconditionally stable algorithm

with second order accurate. The numerical dissipation property of the Newmark-

β method, however, is not so desirable, since it damps the low-frequency modes

also and degrades the accuracy to first-order. The equation of motion is formu-

lated based on a SDOF system as Equation (3.23).

Algorithm

man+ 1 + cvn+ 1 + kdn + 1 ¼ fn+ 1 (3.23)

dn+ 1 ¼ dn +Δtvn + 0:5�βð ÞΔt2an + βΔt2an+ 1 (3.24)

vn+ 1 ¼ vn +Δt 1� γð Þan +Δtγan+ 1 (3.25)

Stability

Equations (3.23)–(3.25) are reformulated as the recursive matrix form based

on a linear SDOF system:

an+ 1

vn+ 1

dn+ 1

8><>:
9>=>;¼A

an

vn

dn

8><>:
9>=>;+L

fn+ 1
m

(3.26)

36 Development of Online Hybrid Testing



A¼

� 1

2
�β


 �
C�2 1� γð ÞD �C�2D

Δt
�C

Δt2

Δt 1� γð Þ 1�2γDð Þ� 1

2
�β


 �
γC

� 

1�Cγ�2γD

�Cγ

Δt

Δt2
1

2
�β


 �
1�βCð Þ�2 1� γð ÞβD

� 

Δt 1�βC�2βDð Þ 1�βC

2666666664

3777777775
, and L¼

C

ω2Δt2

Cγ

ω2Δt

Cβ

ω2

2666666664

3777777775
(3.27)

where C¼ 1

1

ω2Δt2
+
2ξγ

ωΔt
+ β

, D¼ ξβ

ωΔt
.

The stability condition of the Newmark-βmethod is summarized as follows:

Unconditional stability condition : 2β� γ� 0:5
Conditional stability condition : γ� 0:5, β< 0:5γ, Ω�Ωcrit

(3.28)

where

Ωcrit ¼ ξ γ�0:5ð Þ+ 0:5γ�β + ξ2 γ�0:5ð Þ2
h i1=2� �

= 0:5γ�βð Þ.
More strict condition for two complex conjugate eigenvalues:

Unconditional stability condition : 0� ξ< 1, γ� 0:5, β� γ + 0:5ð Þ2=4
Conditional stability condition : 0� ξ< 1, γ� 0:5, Ω�Ωcrit

(3.29)

where

Ωcrit ¼ 0:5ξ γ�0:5ð Þ+ 0:25 γ + 0:5ð Þ2�β + ξ2 β�0:5γð Þ� �1=2n o
= 0:25 γ + 0:5ð Þ2�β
� ��.

Accuracy

The numerical damping and period distortion can be formulated as follows:

Numerical damping ratio : ξ¼ ξ+Ω γ�0:5ð Þ=2 +O Ω2
� �

(3.30)

Period distortion :
�T�T

T
¼O Ω2

� �
(3.31)

where Ω is called the “sampling frequency.”

The following conclusions are drawn for the Newmark-β method:

(1) If γ¼ 0:5, there is no numerical damping, and this method has a second-

order accuracy.

(2) If γ> 0:5, the numerical damping (γ-dissipation) is larger than real damp-

ing and increases with the sampling frequency. But the method only has the

first-order accuracy. Both higher modes and lower modes are affected

significantly.
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(3) If γ¼ 0:5 and the unconditional stability condition is satisfied, the period is
elongated.

(4) If γ¼ 0:5 and the conditional stability condition is satisfied, the period may

be elongated or shortened, which depends on the selection of parameter β.
If a special β is selected as 1/12, the method has the fourth-order accuracy.

Summary of well-known members of Newmark family

The numerical properties of some members of the Newmark’s family are

summarized in Table 3.1.

3.5.3 HHT-α Method

The HHT-α method [18,19] is an improvement over the Newmark-β method

[11] to realize a controllable numerical dissipation without degrading accuracy

by introducing a single parameter α into the equilibrium equation. The dissipa-

tion introduced by α is called the α-dissipation, which is similar to linear viscous

damping and is ineffective in the higher modes. The numerical dissipation of

this algorithm has an improved performance by combining the positive New-

mark γ-dissipation with the negative α-dissipation. In order to determine the

three parameters, namely α, β, and γ, the procedures used for spectral stability

and accuracy analysis formulated in the preceding section are used and inten-

tionally the algorithm is made to be unconditionally stable, second-order accu-

rate, and, more importantly, to have an optimal numerical dissipation. Based on

these conditions, the HHT-αmethod becomes a one-parameter algorithm with β
and γ definitely decided by α. The numerical dissipation is only related to the

parameter α. The equation of motion is formulated based on a SDOF system as

Equation (3.32).

TABLE 3.1 Numerical Properties of Well-known Members of the Newmark

Family

Method β γ

Stability

condition Accuracy

Average acceleration method
(trapezoidal rule)

1
4

1
2

Unconditional Second
order

Linear acceleration method 1
6

1
2 Ωcrit ¼ 2

ffiffiffi
3

p � 3:5 Second
order

Fox-Goodwin method 1
12

1
2 Ωcrit ¼

ffiffiffi
6

p �2:4 Fourth
order

Central difference method 0 1
2

Ωcrit ¼ 2 Second
order
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Algorithm

man+ 1 + 1 + αð Þcvn+ 1�αcvn + 1 + αð Þkdn+ 1�αkdn ¼ 1 + αð Þfn+ 1�α fn (3.32)

dn+ 1 ¼ dn +Δtvn + 0:5�βð ÞΔt2an + βΔt2an+ 1 (3.33)

vn + 1 ¼ vn +Δt 1� γð Þan +Δtγan+ 1 (3.34)

where β¼ 1
4
1�αð Þ2, γ¼ 1

2
�α.

Stability

The recursive matrix form of Equations (3.32)–(3.34) is formulated as fol-

lows based on an undamped SDOF system:

dn+ 1
Δtvn+ 1
Δt2an+ 1

8<:
9=;¼A

dn
Δtvn
Δt2an

8<:
9=;+ 1 + αð ÞL fn+ 1

m
�αL

fn
m

(3.35)

A¼ 1

D

1 + αβΩ2 1 0:5�β

�γΩ2 1� 1 + αð Þ γ�βð ÞΩ2 1� γ� 1 + αð Þ 0:5γ�βð ÞΩ2

�Ω2 � 1 + αð ÞΩ2 � 1 + αð Þ 0:5�βð ÞΩ2

26664
37775, and L¼ 1

D

βΔt2

γΔt2

Δt2

26664
37775 (3.36)

where D¼ 1 + 1 + αð ÞβΩ2.

The stability condition of the HHT-α method is summarized as follows:

Unconditional stability condition : �1

3
� α� 0 (3.37)

Accuracy

The following conclusions are drawn for the HHT-α method:

(1) When time interval is getting closer to zero, the spurious root also gain

to zero.

(2) The higher modes are effectively damped, while the lower modes are kept

unchanged.

(3) The period is also elongated.

(4) The accuracy is second order.

3.5.4 Generalized-α Method

The generalized-αmethod [21] combines the HHT-α algorithm [18] and WBZ-

α algorithm [20] to achieve the unconditional stability, second-order accuracy,

and optimal numerical dissipation. Four parameters, namely αf, αm, β, and γ, are
included in this method, as shown in Equations (3.38)–(3.43). The parameters

are determined using the procedures described in Section 3.4. A parameter ρ1 is

introduced to indicate the user-specified value of the spectral radius in the

high-frequency limit Ω!1ð Þ, in another words, it represents the user-defined
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high-frequency dissipation. The parameters αf and αm can be defined in terms of

ρ1 if the optimal numerical dissipation is achieved. Therefore, it permits high-

frequency dissipation to vary from the no dissipation case ρ1 ¼ 1ð Þ to the so-

called asymptotic annihilation case ρ1 ¼ 0ð Þ. It is advantageous to be able to

specify the algorithmic parameters in terms of the high-frequency dissipation,

since the desired degree of high-frequency dissipation is usually a known quan-

tity. The equation of motion is formulated based on an SDOF system.

Algorithm
man+ 1�αm + cvn+ 1�αf + kdn+ 1�αf ¼ fn + 1�αf (3.38)

dn+ 1 ¼ dn +Δtvn + 0:5�βð ÞΔt2an + βΔt2an+ 1 (3.39)

vn+ 1 ¼ vn +Δt 1� γð Þan +Δtγan+ 1 (3.40)

dn+ 1�αf ¼ 1�αf
� �

dn + 1 + αf dn (3.41)

vn+ 1�αf ¼ 1�αf
� �

vn+ 1 + αf vn (3.42)

an+ 1�αm ¼ 1�αmð Þan+ 1 + αman (3.43)

fn+ 1�αf ¼ 1�αf
� �

fn+ 1 + αf fn (3.44)

Stability

The recursive matrix form of Equations (3.38)–(3.44) is formulated as fol-

lows based on an undamped SDOF system:

dn+ 1
Δtvn+ 1
Δt2an + 1

8<:
9=;¼A

dn
Δtvn
Δt2an

8<:
9=;+ 1�αf

� �
L
fn+ 1
m

+ αfL
fn
m

(3.45)

A¼ 1

D

1�αf βΩ
2�αm 1�αm 0:5�β�0:5αm

�γΩ2 1�αm + 1�αf

� �
β� γð ÞΩ2 1� γ�αm + 1�αf

� �
β�0:5γð ÞΩ2

�Ω2 � 1�αf

� �
Ω2 � 1�αf

� �
0:5�βð ÞΩ2�αm

266664
377775,

and L¼ 1

D

βΔt2

γΔt2

Δt2

2664
3775

(3.46)

where D¼ 1 + 1�αf
� �

βΩ2�αm.
The stability condition of the generalized-α method is summarized as

follows:

Unconditional stability condition : αm � αf � 1

2
, β� 1

4
+
1

2
αf �αm
� �

(3.47)

Accuracy

The following conclusions are given for the generalized-α method:

(1) If γ¼ 1
2
�αm + αf , it is second-order accurate.
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(2) If β¼ 1
4
1�αm + αf
� �2

, highest damping is obtained for high-frequency

modes.

(3) If αm ¼ 2ρ1�1
ρ1 + 1

, αf ¼ ρ1
ρ1 + 1

, and ρ12 [0,1], the low-frequency modes are

affected little.

(4) This method has the best numerical damping attributes and is the closest

one to the trapezoidal rule.

(5) For the optimal case, the spurious root value in the low frequency limit is

nonzero. But the impact on the algorithmic accuracy is negligible.

3.5.5 Implicit-Explicit Method

The implicit-explicit method [25,26] is a partitioned analysis procedure, in

which a structure is divided into two parts geometrically. One is handled using

an implicit algorithm, while the other using an explicit algorithm. The geomet-

rical partition also divides the mass matrix, damping matrix, and stiffness

matrix into two parts. The separation of these matrices is viewed as the general

definition of “operator splitting.” To explore the stability of this method, the

spectral stability analysis method is not applicable. An energy-based method

[11] is attempted to derive bounds on energy-like norms of the discrete solution.

The stability and accuracy analyses should be examined for the two domains

separately. In the implicit domain, the unconditional stability may be achieved.

In the explicit domain, however, it is conditionally stable. The numerical char-

acteristics of the two domains significantly depend on the algorithm adopted for

each domain. In the following formulation, the Newmark-β method is adopted

for the implicit domain, while the predictor-corrector method is adopted for the

explicit domain.

Algorithm

Man+ 1 +C
Ivn+ 1 +C

Eevn+ 1 +KIdn+ 1 +K
Eedn + 1 ¼Fn+ 1 (3.48)

edn+ 1 ¼ dn +Δtvn + 0:5�βð ÞΔt2an (3.49)

evn+ 1 ¼ vn +Δt 1� γð Þan (3.50)

dn + 1 ¼ edn+ 1 + βΔt2an+ 1 (3.51)

vn+ 1 ¼evn+ 1 +Δtγan + 1 (3.52)

whereM¼MI +ME, C¼CI +CE,K¼KI +KE, F¼FI +FE, superscripts I

and E refer to the implicit and explicit groups, respectively.

Stability and accuracy

The details about the stability and accuracy using the energy method can be

found in other publications [11] and [25], and therefore are not formulated here.

The stability and accuracy of the method are summarized as follows:
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(1) If γ� 0:5, and BI + �B
E
is positive definite, then an and vn are bounded.

where BI ¼MI +Δt γ�0:5ð ÞCI +Δt2 β�0:5γð ÞKI,
�B
E ¼ME +Δt γ�0:5ð ÞCE +Δt2 β�0:5γð ÞKE�ΔtγC�Δt2βK.

(2) If K�1 exists, then dn is also bounded.

(3) For a given value of γ� 0:5, selection of β� γ + 0:5ð Þ2=4 makes the implicit

domain unconditionally stable. And Ω<Ωcrit ¼ 2γ + ξ2
� �1=2� ξ

� �
=γ

should be satisfied for the explicit domain, or a stricter conditionΩ<Ωbif ¼
2 1� ξð Þ= γ + 0:5ð Þ should be satisfied for two complex conjugate eigen-

values for the explicit domain.

(4) If γ¼ 0:5 and no damping for explicit part, this method has a second-order

accuracy, otherwise, this method is first-order accurate.

3.5.6 Modal Truncation Technique

Modal truncation technique [28] is a procedure to improve the stability charac-

teristic of explicit time integration algorithms in terms of time interval. Explicit

time integration algorithms, such as the CDM, when applied for large-scale

structures, require a very small time interval because of the involvement of

higher vibration modes. The contribution of higher vibration modes to the entire

response, however, is not the dominant part, even in the inelastic domain. It is

always possible to discard higher vibration modes to improve the stability but

without significantly attenuating the accuracy.

Formulation

The equations of motion are formulated in the modal coordinates with mass

orthonormality, as shown in Equation (3.54), and uncoupled into individual

equations with SDOF, as shown in Equation (3.56).

Ma +Kd¼ 0 (3.53)

ΨTMΨ¼ I, ΨTKΨ¼Λ (3.54)

d¼
Xneq
m¼1

xmΨm (3.55)

€xi + λixi ¼ 0, λi ¼ω2
i (3.56)

whereM andK are mass and stiffness matrices, respectively; a and d are accel-

eration and displacement vectors, respectively; note here damping is neglected;

Ψ includes the normalized eigenvectors corresponding to eigenvalue matrix Λ,
which is a diagonal matrix with diagonal terms of λi; xi is the modal coordinates,

and ωi is the circular frequency of ith vibration mode. Equation (3.56) can be

solved by any time integration algorithm. Here, central difference algorithm

is used as an example. The central difference formulation for each individual

equation is:
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xn+ 1i ¼ 2� ωiΔtð Þ2
h i

xni � xn�1
i (3.57)

A parameter γ is introduced into Equation (3.42) to control the partition of

modes as:

xn+ 1i ¼ 2� γiωiΔtð Þ2
h i

xni � xn�1
i , 0� γi � 1 (3.58)

Next, it is transferred into the Cartesian basis as:

dn+ 1 ¼Δt2ΨΓΨTM€d
n
+ 2dn�dn�1 (3.59)

The direct integration of the global dynamics is processed based on Equa-

tion (3.59) implemented with a weighted parameter Γ, which is a diagonal

matrix with unit of the diagonal term related to the retaining modes, while zero

for the discarded modes.

Stability and accuracy

The stability of the time integration algorithm, here the CDM, is controlled by

the highest vibration mode of the structure. Using the mode truncation technique,

higher vibrationmodes which contribute little to global response are trimmed, thus

stability may be achieved using a larger time interval.

The accuracy of the time integration method can be maintained by carefully

selecting the weighted parameter. In this particular case, if γi ¼ 1 is selected, the

retaining modes will be treated up to second-order accuracy.

3.5.7 Integral Form of Existing Algorithms

By this technique [29,30], the second-order differential equation is converted to

a first-order equation by integrating it with respect to time step. This integral

form is taken as the governing equation of motion. The main advantage of this

technique is its capability of capturing the rapid changes of structural properties

and dynamic loading, and in eliminating the adverse linearization errors. The

explicit Newmark method is taken as the example.

Algorithm

mvn+ 1 + cdn + 1 + �rn+ 1 ¼ �f n+ 1 (3.60)

sn+ 1 ¼ sn +Δtdn + 0:5Δt2vn (3.61)

dn+ 1 ¼ dn + 0:5Δt vn + vn+ 1ð Þ (3.62)

where sn+ 1, �rn+ 1, and �f n+ 1 are the integral forms of dn + 1, rn + 1, and fn+ 1,
respectively.

3.5.8 State Space Procedure

This algorithm formulates the equations of motion in state space and uses their

analytical solution to derive a recursive discrete-time equation. The SSP [31]
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can be considered as a generalization for MDOF systems of the Duhamel’s inte-

gral used for SDOF systems. The analytical solution in state space leads to a

more accurate discrete-time model. It is noted that the proposed SSP algorithm

does not need a previous modal uncoupling of the equations of motion and, con-

sequently, it does not require any hypothesis about damping and the hypothesis

about the variation of acceleration between two time increments. SSP is known

to be stable and to give accurate results with a reasonable computation time.

Several applications [35,36] were proposed recently.

Formulation

The state space formulation of the equations of motion is shown by the fol-

lowing equations:

_x tð Þ¼Fx tð Þ+ v tð Þ (3.63)

where

x tð Þ¼ d tð Þ
_d tð Þ

� �
, F¼ 0 I

�M�1K �M�1C

" #
, v tð Þ¼ 0

M�1f tð Þ
� �

(3.64)

With x t0ð Þ¼ x0, the analytical solution is:

x tð Þ¼ exp t� t0ð ÞF½ �x0 +
ðt
t0

exp t� τð ÞF½ �v τð Þdτ (3.65)

The following discrete-time equation is obtained:

x kΔt +Δtð Þ¼ exp ΔtF½ �x kΔtð Þ+
ð k + 1ð ÞΔt

kΔt
exp k + 1ð ÞΔt� τð ÞF½ �v τð Þdτ (3.66)

Using linear interpolation for continuous form of external force based on

discretized values:

v τð Þ¼ v kΔtð Þ+ τ� kΔtð Þv kΔt+Δtð Þ�v kΔtð Þ
Δt

, kΔt� τ� kΔt +Δt (3.67)

Then the discrete-time equation is obtained:

x kΔt+Δtð Þ¼Ax kΔtð Þ+P1v kΔt+Δtð Þ+P2 v kΔt +Δtð Þ�v kΔtð Þ½ � (3.68)

where

A¼ exp ΔtFð Þ, P1 ¼F�1 A� Ið Þ, P2 ¼F�1 1

Δt
P1�A


 �
,

F�1 ¼
�K�1C �K�1M

I 0

" # (3.69)
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Stability and accuracy

The stability of the method is controlled by the eigenvalues of A, which

should be smaller than 1. The expression of A can be expanded using an odd

number p as

A¼ exp ΔtFð Þ� I+
1

1!

ΔtF
2q

+
1

2!

ΔtF
2q


 �2

+⋯+
1

p!

ΔtF
2q


 �p
( )2q

(3.70)

For each value of p, there exist suitable values forΔt and q such that the spec-
tral radius of A equals to 1 for undamped systems or <1 for damped systems.

The error is introduced by the algorithm in two points: the interpolation of the

excitation, Equation (3.67), and the computation of matrix A, Equation (3.70).

The following conclusions can be drawn for the accuracy:

(1) The error of SSP is appreciably smaller than the error corresponding to the

other algorithms, such as CDM, trapezoidal rule, and Wilson method.

(2) The period may be elongated or reduced. The error decreases with the

increase of p and q.

3.6 APPLICATIONS FOR AN ONLINE HYBRID TEST

Although most of the time integration algorithms can be implemented for an

online hybrid test, only a few of them have been employed because of their sim-

plicity or inherent excellent numerical properties.

One of the earliest applications was developed by Takanashi et al. [37]. The

equations of motion are solved by using the linear acceleration method. The tan-

gential stiffness of the specimen is measured and the equation of motion is for-

mulated in an incremental form. When applied for complex and stiff systems, it

is found difficult to estimate the instantaneous stiffness because of the accuracy

limit of the measuring devices. The first online hybrid test system with great

universality and applicability was developed by Tanaka [38] using the CDM.

The incremental form and measuring tangential stiffness are not required. How-

ever, the explicit algorithms are not suitable for stiff MDOF systems, including

high-frequency vibration modes because their conditional stability requires a

limited time interval, which results in inefficiency.

Implicit algorithms are always appealing in terms of unconditional stability

and numerical dissipation. But difficulties are encountered when applied to

online hybrid tests. The main concern is that the iterative procedure in implicit

algorithmsmay introduce undesirable loading and unloading hysteretic behavior

in tested structures, which is history-dependent. Recently, some applications of

implicit algorithms were proposed successfully to overcome the difficulty men-

tioned above. These applications could be categorized into three approaches:

(1) hardware-dependent iterative schemes; (2) Newton iterative schemes; and

(3) noniterative mixed schemes.
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Thewalt andMahin [39] developed an online hybrid test system based on the

HHT-α method and iterations carried out at a hybrid digital-analog level. This

method belongs to the first approach of applications of implicit algorithms that

depends greatly on the special hardware. Shing et al. [40] proposed an iterative

procedure also based on the HHT-α method. This procedure uses modified

Newton iterations with a displacement reduction factor and dual displacement

control to avoid overshooting the load path of the specimen. The noniterative

mixed schemes are based on implicit-explicit algorithms. These schemes allow

a larger time interval for MDOF systems to reduce both the computational and

experimental effort. On the other hand, they preserve the simplicity of the

implementation for online hybrid test. Dermitzarkis et al. [41] proposed a test-

ing scheme based on the implicit-explicit algorithm of Hughes and Liu [25,26].

The structure is divided into two substructures: one containing experimental

DOF and the other containing analytical DOF. The experimental part is solved

explicitly by using a predicting-correcting procedure. The analytical part is

solved by an implicit Newmark’s method. Another implementation, called

operator-splitting (OS) scheme, was developed by Nakashima et al. [42], based

on the modified implicit-explicit algorithm [27]. This OS scheme is based on

Newmark’s method. Later Nakashima et al. [43] proposed the α-OS scheme

based on the HHT-αmethod for the dissipative properties to control experimen-

tal error growth. This method was further formulated in state space to increase

the accuracy by Wang et al. [35]. In 2004, a predictor-corrector scheme was

developed by Bonelli and Bursi [44]. It is based on the implicit generalized-

α method, the so-called IPC-ρ1 method. This method provides a user-

controlled dissipation property. Recently, Ghaboussi et al. [45] developed a

predictor-corrector scheme, which has an important advantage, as it does not

require the determination of the initial stiffness values of experimental compo-

nents and is thus suitable for elastic and inelastic systems. The applications to

online hybrid tests are summarized as follows.

3.6.1 Applications of Central Difference Method

Tanaka [38] devised a system to overcome the difficulties in earlier online

hybrid test implementation [37]. The CDM was adopted to solve the dynamics

of the system. With this method, neither the tangential stiffness nor the incre-

mental formulation is needed. Instead, the reactional force rmeasured from the

load cell is used directly to solve the equation of motion. The test procedure is

implemented for an SDOF system as follows:

(1) Calculate the target displacement dn+ 1 of the (n+1)th step by Equa-

tion (3.71) which is derived from Equations (3.17)–(3.19). rn is the reac-

tional force measured from the load cell at the previous step.

dn+ 1 ¼ 2mdn + Δtc=2�mð Þdn�1�Δt2 rn� fnð Þ
m +Δtc=2

(3.71)
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(2) Use the loading facility to push/pull the specimen to the target

displacement.

(3) Measure the reactional force rn+ 1 from the load cell for the next step

analysis.

(4) Let n¼ n+ 1 and go to step (1).

Note that the target displacement is completely determined by known quanti-

ties. In this system, the equations of motion need not be formulated in an incre-

mental form, thus the iteration procedure is avoided. Because of the simplicity

and applicability of the CDM, it is adopted for most of the early online

hybrid tests.

3.6.2 Hardware-Dependent Iterative Scheme

Thewalt and Mahin [39] constructed the first online hybrid test application

using implicit algorithms. While any implicit algorithms can be employed

for this system, the HHT-α method [18] was employed in their study. The iter-

ation was not employed in the numerical integration level, but processed by an

analog electronic device in the displacement control. The Equations (3.32)–

(3.34) are reformulated as Equation (3.72), with the only unknowns of rn+ 1.
The displacement can be viewed as the sum of an explicit part, the first four

terms of the right side of Equation (3.72), and an implicit part, the last term

of the right side. The explicit part can be solved readily because all the variables

are known at the beginning of the time step. The implicit part, however, requires

the iteration procedure. The test procedure is given based on an undamped

SDOF system.

dn+ 1 ¼ dn +Δtvn +Δt2
1

2
�β


 �
an +Δt2β fn+ 1 + αrið Þ=m�Δt2β 1 + αð Þri+ 1=m

(3.72)

(1) Solve the explicit part of Equation (3.57), and take it as the initial value of

the target displacement.

(2) Impose the target displacement on the specimen.

(3) Measure the reactional force from the load cell.

(4) Use Equation (3.72) to update the target displacement.

(5) If the target displacement does not change too much, this loading step is

finished. Otherwise, go to Step (2).

Note that the displacement feedback control loop from Step (2) to Step (5) is

achieved through an analog electronic device. The servo-controller displace-

ment command for each step is taken as the analog sum of the explicit part

and an analog function of the measured reactional force (implicit part), and

is continuously updated until the reactional force and target displacement sat-

isfied Equation (3.72).

Time Integration Algorithms for the Online Hybrid Test Chapter 3 47



This application has proved to be reliable and far superior to existing explicit

applications. However, it is more difficult to implement because of the additional

hardware required. Moreover, even though displacement convergence is con-

stantly enforced by the analog device, convergence errors could still be intro-

duced by the positioning of loading facilities, depending on the performance

of the servo-hydraulic control system. These errors could excite the spurious

higher-mode response of a structure and impair the accuracy of test results.

3.6.3 Newton Iterative Scheme Based on HHT-α Method

The implicit HHT-αmethod is implemented in an iterative form and applied for

the online hybrid test [40]. However, this implementation is more general for

most of the implicit algorithms. This is also an iterative procedure. But unlike

the hardware-dependent iterative schemes, the iteration is employed on the

numerical scheme which is based on the modified Newton-Raphson procedure.

In each iteration, the target displacement is reduced by a factor and imposed on

the specimen to overcome undesirable loading and unloading overshooting. The

displacement is achieved by a dual displacement control and an error-correction

procedure is added after one step of loading. This testing scheme supplies a

favorable numerical dissipation that eliminates the spurious higher-mode

response, which can often be excited by experimental errors. This method main-

tains the advantages of the HHT-α method as much as possible and does not

require special hardware for the hybrid testing. Equations (3.32)–(3.34) are

reformulated into an effective static form as shown in Equations (3.73) and

(3.74) in order to specify the implementation.

�mdn+ 1 ¼ �md
_

n+ 1�Δt2β 1 + αð Þrn+ 1 (3.73)

where r is the reactional force measured from tested structure;

�m¼m +Δtγ 1 + αð Þc; and
�md
_

n+ 1 ¼ �m dn +Δtvn +Δt2 0:5�βð Þan
� �

+Δt2β 1 + αð Þfn+ 1�αfn� cvn� 1 + αð Þ 1� γð ÞΔtcan + αrn½ � (3.74)

The testing procedure is summarized as follows:

(1) Use Equation (3.58) to calculate �md
_

n + 1

(2) Set k¼ 0, r
kð Þ
n+ 1 ¼ rn, d

c kð Þ
n+ 1 ¼ dcn, d

ex kð Þ
n+ 1 ¼ dexn

(3) Evaluate �me
kð Þ
n+ 1 ¼ �md

ex kð Þ
n+ 1 � �md

_

n+ 1 +Δt2β 1 + αð Þr kð Þ
n+ 1

(4) Solve k	Δd kð Þ
n+ 1 ¼� �me

kð Þ
n+ 1 for Δd

kð Þ
n+ 1

(5) If Δd kð Þ
n+ 1

��� ���< ε then go to step 10

(6) Evaluate the displacement d
c k + 1ð Þ
n+ 1 ¼ d

c kð Þ
n+ 1 + θΔd

kð Þ
n+ 1

(7) Impose d
c k + 1ð Þ
n + 1 on the tested specimen

(8) Measure r
k + 1ð Þ
n+ 1 and d

ex k + 1ð Þ
n+ 1
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(9) Set k¼ k + 1, go to Step (3)

(10) Calculate dn+ 1 ¼ d
ex kð Þ
n+ 1 +Δd kð Þ

n+ 1, rn+ 1 ¼ r
kð Þ
n+ 1 + k

IΔd kð Þ
n+ 1, dcn ¼ d

c kð Þ
n+ 1,

dexn ¼ d
ex kð Þ
n+ 1

(11) Calculate an+ 1 ¼ dn+ 1�dn�Δtvn�Δt2 0:5�βð Þan½ �= Δt2βð Þ, vn+ 1 ¼
vn +Δt 1� γð Þan + γan+ 1½ �

(12) Set n¼ n + 1, go to Step (1).

In the above formulation, n is the step number; k is the iteration number; ε is
the convergence tolerance; θ is the displacement reduction factor which

satisfies 0� θ� 1; kI is the initial stiffness of the tested specimen; and

k	 ¼ �m +Δt2β 1 + αð ÞkI.
It has already been demonstrated that if F¼ �m= Δt2β 1 + αð Þð Þ + ka is positive

definite, the above iteration procedure is convergent where ka is the real stiff-
ness of the tested specimen [46].

3.6.4 α-OS Method

Nakashima et al. [43] developed the α-OS testing scheme based on Hughes’s

work [27]. The stiffness of the tested structure is divided into a linear part

and a nonlinear part. The explicit predictor-corrector method is employed for

the integration associated with the nonlinear stiffness and the HHT-α method

is used for the integration associated with the linear stiffness. The solution algo-

rithm is given in Equations (3.75)–(3.78). In this study, initial stiffness of the

tested structure is needed, which is not necessarily the same as the real initial

stiffness. The effect on the stability and accuracy of the HHT-α method by the

initial stiffness was explored by Nakashima [43] and Combescure [47]. It is

found that if the tested structure is a softening type, the numerical properties

of the HHT-α method, such as unconditional stability and optimal numerical

dissipation, are always kept. Because of the predictor-corrector procedure, it

needs no iterations in this implementation, which makes it very favorable for

online hybrid tests.

Predictors : edn + 1 ¼ dn +Δtvn + 0:5�βð ÞΔt2an (3.75)

Balanced equation : man+ 1 + 1 + αð Þcvn+ 1�αcvn + 1 + αð Þrn+ 1�αrn
¼ 1 + αð Þfn+ 1�αfn (3.76)

where rn+ 1 dn+ 1ð Þ� kIdn+ 1 +ern+ 1 edn+ 1� �
� kIedn+ 1

Correctors : dn+ 1 ¼ edn+ 1+ βΔt2an+ 1, vn+ 1¼ vn+Δt 1� γð Þan+Δtγan+ 1 (3.77)

where

α2 �1=3,0½ �, β¼ 1�αð Þ2=4, γ¼ 1�2αð Þ=2 (3.78)
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The testing procedure is summarized as follows:

(1) Calculate the displacement predictor edn+ 1 using Equation (3.75).

(2) Apply the predictor edn+ 1 to the specimen.

(3) Measure the reactional force ern+ 1.
(4) Solve the corrector dn+ 1, and corresponding vn+ 1 and an+ 1 by Equa-

tions (3.76)–(3.78).

Set n¼ n + 1, go to Step (1).

3.6.5 Predictor-Corrector Implementation of Generalized-α
Method (IPC-ρ1)

The generalized-α method was implemented in a predictor-corrector form giv-

ing rise to the implicit IPC-ρ1 method [44]. It entails a single movement of the

loading facility per time step, thus is viewed as a noniterative procedure. The

implicit IPC-ρ1 method maintains the computational efficiency of the α-OS
method [43], but enhances the accuracy by using an implicit predictor such

as the iterative method [40] mentioned in Section 3.3.3. A quasi-Newton pro-

cedure is employed to closely approximate the actual tangential stiffness, rather

than a prescribed initial stiffness employed in previous studies [40,43]. It was

demonstrated that this method enhances the performance of the online hybrid

test even in an environment characterized by considerable experimental error.

The testing procedure is summarized as follows:

(1) Solve Equations (3.38)–(3.43) of the standard generalized-α method to

obtain the displacement predictor �dn+ 1. Note that this predictor displace-
ment is calculated by the equilibrium based on the secant stiffness kn
derived from the quasi-Newton procedure of previous step, which is differ-

ent from the conventional predictor as Equation (3.75).

(2) Impose the displacement predictor �dn+ 1 on the specimen.

(3) Measure the reactional force �rn+ 1 of the tested structure.

(4) Update the secant stiffness kn+ 1 by a quasi-Newton method, the Davidson

procedure for example.

(5) Solve Equations (3.38)–(3.43) again, but the updated stiffness is used to

update the reactional force: rn+ 1 ¼ �rn+ 1 + kn+ 1 dn+ 1�dnð Þ.
(6) Set n¼ n+ 1, go to Step (1).

The numerical properties of the generalized-α method are maintained if

0< ka=k< 2, where ka is the actual stiffness of the tested structure, and k is

the stiffness updated by quasi-Newton procedure.

3.6.6 Ghaboussi Predictor-Corrector Method

Ghaboussi et al. [45] developed a novel predictor-corrector scheme for online

hybrid test. A structure is divided into experimental parts and analytical parts.
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The experimental parts are performed quasi-statically based on explicit predic-

tion of displacement, while the analytical parts are solved by implicit time inte-

gration algorithms. Implicit Newark’s method was taken as an example. The

unique advantage of the new predictor-corrector scheme is that it does not

require iteration for the initial stiffness values as well as nonlinear experimental

component. This scheme treats interaction effect between analytical model and

experimental parts effectively by regarding it as a nonlinear external loading.

First the Newmark-β method is modified by the predictor-corrector procedure

and formulated in an incremental form, as follows:

MΔ€Xn +C
LΔ _Xn +K

LΔXn +Δern eXb

n+ 1

� �
¼ΔFn (3.79)

ΔXn ¼Δt _Xn + 0:5�βð ÞΔt2 €Xn + βΔt2 €Xn+ 1 (3.80)

Δ _Xn ¼Δt 1� γð Þ€Xn + γΔt€Xn+ 1 (3.81)

eXb

n+ 1 ¼Xb
n +Δt _X

b

n + 0:5�βð ÞΔt2 €Xb

n (3.82)

Xn + 1 ¼ xcn+ 1
xbn+ 1

� �
, eXb

n+ 1 ¼
0exbn+ 1

� �
(3.83)

ΔXn ¼Xn+ 1�Xn, Δ _Xn ¼ _Xn+ 1� _Xn, Δ€Xn ¼ €Xn+ 1� €Xn,

ΔFn ¼Fn+ 1�Fn, Δern ¼ern+ 1�ern (3.84)

whereCL andKL are viscous damping and stiffness matrices of analytical parts;

X, _X, and €X are vectors of displacement, velocity, and acceleration, respec-

tively; Xb, _Xb, and €X
b
are vectors of displacement, velocity, and acceleration

at the boundary connecting to the experimental parts, respectively; er and F

are reactional force and external load vectors; eXb

n + 1 is the predicted displace-

ment vector; xcn+ 1 is the displacement vector with analytical model; xbn+ 1 is

the displacement vector at the boundary; exbn+ 1 is the predicted displacement

vector at the boundary.

The testing procedure is summarized as follows:

(1) Predict the displacement for the experimental part using Equation (3.82).

(2) Impose the displacement on the experimental parts.

(3) Measure the reactional forces of the experimental parts.

(4) Solve Equations (3.79)–(3.81) to get the corrected values for both analyt-

ical parts and experimental parts.

(5) Set n¼ n+ 1. Go to Step (1).

The predictor-corrector implementation impairs the stability of the implicit

Newmark-β method. It becomes conditionally stable, and the sampling
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frequency is defined as Equation (3.85) where χ is defined as the stiffness con-

tribution of analytical model to the boundary over the total stiffness of the

boundary.

Conditional stability condition : Ω< 2

ffiffiffiffiffiffiffiffiffiffi
1

1� χ

s
(3.85)

3.7 CONCLUSIONS

In this chapter, the basics of time integration algorithms, which are important to

solve the equations of motion of online hybrid tests, have been introduced. The

existing time integration algorithms are grouped into such families as: (1) linear

multi-step methods; (2) Newmark’s family; (3) collocation methods; (4) α-fam-

ily; (5) ρ-family; and (6) mixed implicit-explicit methods. The superiority of

one family over the others is summarized in terms of the following rules:

(1) self-restart procedure; (2) second-order accuracy; (3) unconditional stabil-

ity; and (4) optimal and controllable numerical dissipation. Formulations and

implementations of some notable time integration algorithms for the online

hybrid test are also introduced. They are categorized into: (1) application of

explicit algorithms; and (2) applications of implicit algorithms. Major conclu-

sions obtained from this chapter are as follows:

(1) Most linear multi-step methods require information of several previous

steps and thus are not self-started. By carefully selecting the difference

equations for the acceleration and velocity terms, the other three rules

can be satisfied.

(2) Newmarks’ family methods are self-started. If the parameters are carefully

selected, the second-order accuracy and unconditional stability can be

achieved. The numerical dissipation, however, exist only when the method

is first-order accurate. Furthermore, numerical dissipation of the methods is

not necessarily desirable, since it may affect the lower modes significantly.

(3) Collocation methods, α-family methods, and ρ-family methods can satisfy

all of four rules.

(4) The numerical properties of mixed implicit-explicit methods are different

for the implicit and explicit domains. They are quite dependent on the algo-

rithm adopted for each domain.

(5) Explicit algorithms are most convenient and easiest to be incorporated into

the online hybrid test system, but most of them have time interval

limitations.

(6) Implicit algorithms are always appealing in terms of unconditional stability

and numerical dissipation. Difficulties are encountered, however, when

applied to online hybrid tests. The main concern is that the iterative proce-

dures required in implicit algorithms may introduce undesirable loading and

unloading in tested structures whose hystereses are path-dependent.
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4.1 INTRODUCTION

The online test is in essence a test with displacement control. The displacements

for the next time step are predicted and applied to the test structure; the reaction

forces corresponding to the target displacements are measured and fed back to

the equations of motion for the prediction of the next displacements. Displace-

ment control, however, is not practicable when the test structure is too stiff to

accurately control the loading actuator’s displacement. We find, however, cases

in which we wish to apply online tests to stiff structures. Suppose an online test
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applied to a base-isolated building using the substructuring techniques in which

only isolation devices, e.g., rubber bearings are tested. Because the axial forces

exerted on rubber bearings (due to the combination of gravity, overturning

moment caused by horizontal ground motion, and vertical vibration caused

by vertical ground motion) significantly affect the horizontal restoring forces

of the bearings, we obtain accurate horizontal restoring forces only by imposing

the axial forces on the tested rubber bearings. Displacement-control for the ver-

tical direction is not feasible because of very high stiffness in this direction,

while conventional displacement-control can still apply flexible horizontal

deformations. In such a case, combined control by displacement (for the flexible

horizontal direction) and force (for the stiff vertical direction) is appealing.

Another example is an online test to simulate the responses of a base-isolated

structure subjected to vertical ground motions. Rubber bearings are very stiff as

long as they sustain compression but become suddenly very flexible once they

sustain tension. During the responses when the rubber bearings sustain com-

pression, force-control is more practical, whereas displacement-control is a nat-

ural choice once they sustain tension. A similar situation occurs when we deal

with an reinforced concrete column in which the horizontal restoring force

behavior depends much on the axial force exerted, and the axial stiffness is very

large as long as it sustains compression.

For these situations in which force-control is more feasible in the online test,

this chapter introduces an online test that employs mixed control of displace-

ment and force. Two types of mixed control are considered in the chapter.

One, named “displacement-force combined control,” is a control in which

one jack is operated in displacement-control, while the other jack is operated

in force-control. The other, named “displacement-force switching control,” is

a control in which one actuator is controlled by displacement sometimes and

by force otherwise. In order to investigate their accuracy, a base-isolated build-

ing structure subjected to ground motions is analyzed by those two tests. The

chapter consists of three sections. In the first section, the loading, measuring,

and computation system developed for this study are presented. The second

section describes the procedure of displacement-force combined control and

demonstration tests applied to a base-isolated building structure. Finally, the

third section describes the procedure of displacement-force switching control

and demonstration tests applied to the same base-isolated building structure.

4.2 PRESENTATION OF THE ONLINE TEST SYSTEM

4.2.1 Loading System

The loading system shown in Fig. 4.1 was developed for the mixed control

online test presented in the study. Primary hardware devices include: (1) two

quasi-static loading jacks; (2) two hydraulic pump systems activated by an

inverter motor, each of which supplies oil to one jack; (3) two load cells, each
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of which measures the reactional force of one jack; (4) two digital displacement

transducers, each of which measures the displacement of one jack; (5) two

pump controllers that control the frequency of the inverter motor to adjust

the jack’s ram speed; (6) a switch box and data logger that collects strain gauge,

linear variable differential transformer (LVDT), and other data; (7) a PC that

controls the controllers, called “PC for Control”; and (8) a PC, called “PC

for Operation,” that supervises “PC for Control” and stores the data collected

by the data logger. Specifications and major functions of the individual devices,

as well as data transfers between those devices are detailed below.

Quasi-Static Jacks and Hydraulic Pump Systems

One of the two quasi-static jacks incorporated into the system has a stroke

capacity of �250 mm with a force capacity of �1500 kN, and the other has

a stroke capacity of �200 mm with a force capacity of �2000 kN. For the tests

described later, the first and second jacks were used for horizontal and vertical

loading, respectively. In order to measure the movement of the jack’s cylinder, a

digital displacement transducer is attached to the jack. Unlike conventional

LVDTs in which the resolution decreases for a larger stroke, this digital

displacement transducer maintains a resolution of 0.01 mm regardless of the

total stroke. A load cell is inserted between the jack’s cylinder and the swivel

head to measure the force applied by the jack. The pump system provides oil to

the jack. Unlike conventional hydraulic pumps, an inverter motor that can adjust

its frequency (from 1 to 60 Hz) has been used, thereby making it possible to
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FIGURE 4.1 Outline of online test system.
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control the rate of oil flow (0.01–0.48 l/min) and accordingly the jack’s ram

speed. For loading, the pump unit selects the chamber into which oil is to flow

(“push” or “pull”). The chamber is selected using a solenoid valve, and the

frequency of the motor is set in proportion to a voltage signal. Unloading is

accomplished by releasing oil through a high-speed on/off valve (20 Hz).

The frequency of this valve, i.e., the rate of oil release, is set also in proportion

to a voltage signal to adjust the jack’s ram speed during unloading. The jack’s

ram speed that can be adjusted in the system ranges from 0.02 to 2 mm/s.

Controllers

The controller, whose main tasks are accomplished with a 16-bit microproces-

sor, selects the direction of jack motion (“push” or “pull”), the frequency of the

inverter motor during loading, the frequency of the valve during unloading, and

changes between the loading and unloading modes. The controller can adopt

either force- or displacement-control. Suppose that displacement control is cho-

sen and the test structure is at rest. When a controller is given a new target dis-

placement, together with the time set to reach this displacement, it computes the

necessary displacement signals at every 10 ms time interval and starts the jack

motion. After every 10 ms, the controller receives a displacement feedback

signal from the digital transducer attached to the jack, computes the difference

between the displacement assigned for 10 ms later and the current displace-

ment, converts the difference to an analog voltage signal, and sends the signal

to the pump system. This operation continues until the measured displacement

reaches the target displacement within an allowable displacement error. When

the operation is completed, the jack is held to maintain the current displacement.

For the force-control mode, the operation remains the same except that the force

(measured by the load cell) is taken as the feedback signal, and this signal is

converted from analog to digital using a 12-bit A/D converter.

Combination of PC for Control and PC for Operation

“PC for Control” is connected to the two jack controllers via RS485 serial

cables. It sends the target displacements or forces assigned for the two jacks

and the time set for loading, both in digital form, to the controllers. During

the loading, it receives the displacement and force values from the two control-

lers continuously (with a frequency of 5 Hz) and adjusts the loading by moni-

toring the deviation of the measured signals from the commanded signals. “PC

for Operation” has two major functions: to trigger a data logger for data collec-

tion and store the data, and to create and send the displacement or force signals

to “PC for Control.” When the system is used for the online test, the associated

equations of motion are solved in this PC. The data logger is a conventional one

used for quasi-static loading tests, having a scanning speed of 1000 channels per

second, connected to “PC for Operation” via a general-purpose interface bus

cable. “PC for Operation” is also connected to “PC for Control” by an
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RS232C serial cable for data exchange. As soon as one step of loading is com-

pleted, the controllers send a set of displacement and force values to “PC for

Control,” and “PC for Control” passes the values to “PC for Operation.” Then

“PC for Operation” sends a trigger signal to the data logger, asking for data col-

lection. Upon receiving this signal, the data logger starts collecting and sending

the data to “PC for Operation.” Note that during this process, the jacks hold the

structure at rest. “PC for Operation” creates and sends displacement or force

signals to “PC for Control.” A prototype system, developed for one jack oper-

ation, was used successfully in a series of online tests [1].

Characteristics of Mixed Control

The online test using mixed control needs both hardware and software support.

The following three characteristics are the keys for realistic implementation of

mixed control. First is the high-speed feedback mechanism of the controllers. In

the displacement-force combined control, two jacks are operated simulta-

neously, one with displacement-control and the other with force-control. The

movement of one jack interferes with the movement of the other jack. The

high-speed feedback mechanism of the controllers, with a feedback frequency

of 100 Hz, accomplishes tuned, proportional loading of the two jacks. The

second characteristic is the use of quasi-static jacks. The maximum ram speed

is at most 2 mm/s, which avoids uncontrollable flow of oil and eventual jack

movement that may endanger the test operation. This slowness is particularly

beneficial when the control mode is switched from displacement to force or

from displacement to force in the displacement-force switching control. The

third characteristic is the encapsulated framework adopted in the test system,

which enables the programmer to focus on the mixed control algorithm without

knowing all the hardware details. An ActiveX control [2], which is programmed

in the C++ language by experts in hydraulics and control, is installed on “PC for

Operation.” It provides all the programming interfaces for hardware control.

The programmers, who are not necessarily seasoned in hardware control, only

need to work on “PC for Operation.” Thanks to intensive encapsulation,

communication between “PC for Operation” and “PC for Control” is mini-

mized. The programmers working on mixed control algorithms in “PC for

Operation” need to be concerned only with four commands that have been pro-

vided as four methods in the ActiveX control: “send displacement (or force) and

time to PC for Control,” “receive displacement and force from PC for Control,”

“switch displacement-control to force-control,” and “switch force-control to

displacement-control.”

4.2.2 Base-Isolated Structure Model

The proposed loading system was used to simulate earthquake responses of a

base-isolated structure subjected to horizontal and vertical ground motions.
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The structure considered is shown in Fig. 4.2a, which resembles a base-isolated

structure constructed recently in downtown Tokyo. It is an eight-story and two-

span steel moment frame isolated by high damping rubber bearing (HDRB).

This structure is also used to test the frameworks presented in the next chapters.

In the analysis, it was treated as a planar structure as shown in Fig. 4.2a. The

substructuring technique was employed, and the superstructure (the steel

moment frame) and base-isolation layer (consisting of two HDRBs) were

assigned as the computed part and the tested part, respectively. As shown in

Fig. 4.2b, the superstructure was modeled as a linear spring-mass system, with

one mass per floor and one horizontal spring and one vertical spring per story.

The equations of motion were formulated for the entire base-isolated structure,

represented as an 18 degrees of freedom (DOFs) system, with one horizontal

and one vertical DOF added for the base-isolation layer. Table 4.1 shows the

mass and stiffness properties assigned for the structure. The horizontal and ver-

tical stiffnesses of the base-isolation layer were those corresponding to the yield

horizontal stiffness and compressive stiffness of the HDRBs, respectively. The

natural periods of the base-isolated structure are listed in Table 4.2.

4.2.3 Test Setup

The test setup, shown in Fig. 4.3a and b, includes the loading frame, two jacks

(one for horizontal loading and the other for vertical loading), and the test spec-

imen. The test specimen featured two identical HDRBs securely fastened by

high-tension bolts to the base steel beam at the bottom and to an inverted

T-shaped loading frame at the top. The base steel beam was tied down to the

loading frame, and the inverted T-shaped loading frame was attached by the
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FIGURE 4.2 Base-isolated structure: (a) basic dimensions, (b) division into substructures.
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TABLE 4.1 Mass and Stiffness Properties of Base-isolated Structure

Mass

(×103 kg)
Horizontal stiffness

(kN/mm)

Vertical stiffness

(kN/mm)

R 180 – –

8 108 65.4 2170

7 108 72.0 2170

6 108 75.6 2310

5 108 77.8 2310

4 108 80.7 2310

3 108 86.8 2448

2 108 102 2971

1 108 148 2971

B - 3.00 6702

TABLE 4.2 Natural Period of Base-isolated Structure(s)

Model

Horizontal Vertical

Base-fixed Base-isolated Superstructure
Entire
structure

Period(s) 1.26 3.76 0.24 0.25

(a) (b)

Horizontal jack

Vertical jack

Specimen

FIGURE 4.3 Test setup: (a) test specimen and loading frame, (b) view of test setup.
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two jacks. The out-of-plane movement of the specimen was restricted at the

top of the T-shaped loading frame where the two jacks were attached: hence

the rubber bearings sustained horizontal and vertical deformations only in

one plane. The two rubber bearings were placed 1.0 m apart in the center-to-

center length, and the jacks were attached at a height of 1.5 m, measured from

the bottom of the HDRBs to the top of the T-shaped loading frame (Fig. 4.4a).

Figure 4.4a shows the measurement details. The digital displacement trans-

ducers and load cells of the two jacks, both attached at Point A, measures the

horizontal displacement UT, the horizontal reaction force FH, the vertical dis-

placement VT, and the vertical reaction force FV. The displacement transducers

attached at Points B and C measure the vertical displacements of the rubber

bearings VL and VR, and the displacement transducer attached at Point D mea-

sures the horizontal displacement of the base-isolation layer UB. Figure 4.4b

shows measurement details of the vertical displacement VR at point C.

In reference to the vibration of the base-isolated structure shown in Fig. 4.2a,

three independent loads should be controlled for the test specimen. They are the

horizontal load, the vertical load, and the overturning moment, all applied to the

base-isolation layer. Because the test system of Fig. 4.3 featured only two jacks,

it was assumed that the overturning moment applied to the base-isolation layer

was always proportional to the horizontal force applied to the layer. This

assumption was commensurate with the assumption that the location of the cen-

ter of horizontal forces applied to the superstructure would remain unchanged.

This justified the loading system used in the test, in which both the horizontal

force and overturning moment were applied by the horizontal jack through the

inverted T-shaped loading frame. The T-shaped loading frame was designed to

be sufficiently rigid with respect to the rubber bearings. Therefore, the vertical

jack’s displacement was taken to be the vertical displacement of the test

A

CBD

(UT, FH)

(VT, FV)

UB

VL VR

1.0 m 

1.
5 

m

(a) (b)
FIGURE 4.4 Measurement: (a) measured points, (b) example measurement.
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specimen. The horizontal jack’s displacement was taken to be the horizontal

displacement of the test specimen. This was justified because the test specimen

did not rotate due to the very large compressive stiffness of the tested HDRBs,

as shown later.

The tested HDRBs had a diameter of 200 mm and a total rubber thickness of

85 mm. From comparison in the cross-sectional area, the total rubber thickness,

the shape factors, rubber shear modulus between the prototype HDRBs and the

tested HDRBs, scale ratios of 1:4 and 1:20 were adopted for the horizontal dis-

placement and horizontal force, respectively. In other words, one-fourth of the

base-isolation layer’s displacement, predicted by solving the equations of

motion of the base-isolated structure, was applied to the test specimen, and

the horizontal force measured by the test specimen was increased by 20 times

when inserted into the solution of the equations of motion.

4.3 DISPLACEMENT-FORCE COMBINED CONTROL

4.3.1 Static Test for Combined Control

Preliminary static tests were carried out to examine the horizontal restoring

force characteristics of the tested HDRBs, in particular their dependency on ver-

tical forces. Three types of loading (Types PA, PB, and PC shown in Fig. 4.5)

were adopted. In Type PA, cyclic horizontal displacements with increasing

amplitudes were applied in a triangular pattern by displacement-control

(Fig. 4.5a), with a constant vertical load applied by force-control (Fig. 4.5b).

The maximum amplitude was set at 150 mm, which corresponded to a 175%

shear strain in the rubber, and the constant vertical load was set at 250 kN,

which corresponded to a compressive stress of 4 MPa in each rubber bearing

(to maintain the exact similitude between the prototype and test specimen, a

compressive force of 500 kN was to be applied to the test HDRBs; however,

because of the capacity of the loading frame, the compressive force applied
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in the test was reduced to half that required in the test). The loading patterns

adopted for Types PB and PC were the same as that for Type PA for horizontal

loading, but for vertical loading varying forces between 100 and 400 kN were

employed. The varying forces were in-phase with the horizontal displacements

in Type PB, but out-of-phase in Type PC. The horizontal force-displacement

relationships are plotted in Fig. 4.6. The figure indicates the dependency of

the horizontal hysteretic characteristics of the base-isolation layer on the mag-

nitude of vertical load.

4.3.2 Algorithm of Online Test Using Displacement-Force
Combined Control

In the proposed displacement-force combined control, displacement-control

and force-control were adopted for the loading of the horizontal and vertical

jacks, respectively. The integration method using the operator-splitting (OS)

scheme [3,4] was employed for displacement-control. The concept of the

method is to split the stiffness into a linear and a nonlinear stiffness. The explicit

predictor-corrector method is employed for the integration associated with the

nonlinear stiffness, whereas the unconditionally stable Newmark method is

employed for the integration associated with the linear stiffness. The basic for-

mulations are described as follows:

Man+ 1 +Cvn+ 1 +K
Idn+ 1 +K

E
n+ 1

edn+ 1 ¼Pn + 1 (4.1)

edn+ 1 ¼ dn +Δtvn + Δt2=4
� �

an (4.2)

dn+ 1 ¼ edn+ 1 + Δt2=4
� �

an+ 1 (4.3)
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FIGURE 4.6 Horizontal force-displacement relationships for loading of Types PA, PB, and PC.
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vn+ 1 ¼ vn + Δt=2ð Þ an + an+ 1ð Þ (4.4)

In which, KI and KE
n+ 1 are the linear and nonlinear stiffness matrices,M and

C are the mass and viscous damping matrices, ed and d are the predictor and cor-
rector displacement vectors, v and a are the velocity and acceleration vectors,

and Δt is the integration time interval. The online test using the OS scheme

ensures unconditional stability if the initial stiffness is taken as the linear stiff-

ness and the nonlinearity is of softening type [4]. The procedure of implemen-

tation is as follows:

(1) Setup the equations of motion as shown in Equation (4.1).

(2) Set the initial stiffness matrix of the structure atKI based on the preliminary

static test.

(3) Apply the predictor displacement edn+ 1 to the structure and measure the

corresponding reaction force fn+1 (see Fig. 4.7a).

(4) Calculate fn + 1�KIedn+ 1, substitute it into the term KE
n+ 1

edn+ 1, and calculate
the corrector displacement dn+1.

The algorithm when applied to force-control is also based on the OS scheme. In

implementations of this algorithm, Steps (1) and (2) are identical with the pro-

cedure above, but in Step (3), the predictor-force ef n+ 1, which is taken to equal

KIedn+ 1, is applied to the structure (see Fig. 4.7b). Here,KI is the elastic stiffness,

and the structure is assumed to behave only elastically. Then the term

fn+ 1�KIedn + 1 in Step (4) becomes zero, and the procedure becomes identical

to the unconditionally stable implicit Newmark method.

4.3.3 The Online Test Using Displacement-Force Combined
Control

The responses of the base-isolated structure as shown in Fig. 4.2 were simulated

by the online test using the displacement-force combined control. It was

assumed that both the superstructure and base-isolation layer would respond

K ldn+1 – fn+1
∼

K ldn+1

d

ff

∼

dn+1
∼

dn+1= dn+1
∼

K ldn+1= fn+1

K l

1

d

K l

1
∼ K ldn+1 – fn+1= 0

∼

dn+1

fn+1

(a) (b)
FIGURE 4.7 Outline of displacement-force combined control algorithm: (a) inelastic behavior for

horizontal response, (b) elastic behavior for vertical response.
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linearly in the vertical motion. Because of this assumption, the 9° in the hori-

zontal direction and the other 9° in the vertical direction are uncoupled in the

equations of motion. Nevertheless, interaction did exist between the horizontal

and vertical responses. Effects of the vertical forces on the horizontal restoring

force of the test specimen (i.e., the base-isolation layer) were automatically

taken into account in the physical test. A ground motion recorded at the Japan

Meteorological Agency (JMA) in the 1995 Hyogoken-Nanbu (Kobe) earth-

quake was chosen as the input ground motion [5]. The fault-normal and vertical

components were adopted as the horizontal and vertical excitations, respec-

tively. Their pseudovelocity spectra corresponding to 5% critical damping

are shown in Fig. 4.8. In the online tests described below, 15 s of the primary

ground motion were chosen. The vertical ground motion did not cause tension

in the bearings in the test.

For the purpose of comparison, two tests (Tests CA and CB) were carried

out. In Test CA, the response when subjected to the horizontal ground motion

only was simulated. In Test CB, the response when subjected to the horizontal

and vertical ground motions simultaneously was simulated. In both tests,

vertical load corresponding to gravity (250 kN) was imposed at the beginning

of the test. In both tests, the displacement-force combined-control was imple-

mented successfully. Figure 4.9a and b shows target (by a short thin line) and

measured (by a thick line) horizontal displacements and vertical forces, respec-

tively. Note that only the first 5 s are presented in order to show the differences

clearly. The two curves are nearly identical, indicating that, although the hor-

izontal and vertical jacks interacted with each other, both displacement and

force were controlled accurately. The time history of the horizontal displace-

ment of the test specimen, measured by the horizontal digital transducer at Point

D (Fig. 4.4a), is also plotted by the dashed line (designated as “Bottom”) in

Fig. 4.9a. The time history is very close to the time history of the horizontal

displacement at the loading point (designated as “Top”), indicating that the ver-

tical (compressive) stiffness of the test specimen was large enough so that the

rotation of the test specimen was negligible.
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The force-displacement relationships and displacement time histories are

shown in Fig. 4.10a and b, respectively. In the figures, the thin and thick solid

lines represent Tests CA and CB. Behavior of the test specimen for Test CB, in

which both the horizontal and vertical ground motions were applied simulta-

neously, is significantly more complicated than the behavior for Test A. In

Fig. 4.10a, the horizontal stiffness of the test specimen fluctuates in tune with

the variation of the axial force. As a result, the displacement time history of the

base-isolation layer is somewhat different, with a difference of the maximum

displacement of about 15% between Tests CA and CB. The responses of the

base-isolated structure were also analyzed numerically and are shown by a

dashed line in Fig. 4.10. A modified bilinear model [6] was used to represent
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the hysteretic behavior of the HDRBs. The modified bilinear model is widely

used in Japanese design to represent the nonlinearity and strain-hardening

behavior of the horizontal hysteresis behavior of high-damping and lead rubber

bearings. The difference with respect to the common bilinear model is that the

main parameters, i.e., initial stiffness, post-elastic stiffness, and yield force, are

not constant, but depend primarily on the maximum shear strain experienced in

the loading history. The response obtained from the numerical analysis is close
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to that of Test CA, in which the constant vertical load (corresponding to gravity)

was applied, but the numerical analysis failed to trace the fluctuation of hori-

zontal hysteresis due to varying axial load.

The vertical force-displacement relationship of the base-isolation layer was

assumed to be linear-elastic. This would create errors, because (1) the assumed

vertical stiffness may be different from the true stiffness; and (2) the vertical

stiffness varies with the horizontal displacement. Three numerical models

(Models NA, NB, and NC) were compared, to investigate the errors possibly

caused by the difference between the assumed and true vertical stiffness. Model

NA was the same as the base-isolated structure used in the test (Fig. 4.2 and

Table 4.1). Models NB and NC were identical with Model NA for the super-

structures but different in the rubber bearings. As compared with Model NA,

the vertical stiffness of the base-isolation was reduced to 50% for Model

NB, whereas it was increased to 200% for Model NC. Modal analysis and time

history analysis (using the vertical component of JMA) were carried out for the

three models, and the obtained natural periods in the vertical direction and max-

imum vertical axial forces exerted on the base-isolation layer are shown in

Table 4.3. The natural period is almost the same for all three models, with a

difference not greater than 2%. The maximum axial forces are also similar

among the three models, with a maximum difference of about 2%. This obser-

vation suggests that vertical forces would change little with respect to the devi-

ation of the base-isolation layer’s vertical stiffness. This is understandable in the

analogy of “rigid element” used for obtaining the reactional forces in finite ele-

ment programs. As long as the rigid element is significantly stiffer than the rest

of the structure, the force applied to the rigid element, given as the product of the

stiffness and displacement, remains unchanged even if the stiffness values are

different.

4.4 FORCE-DISPLACEMENT SWITCHING CONTROL

4.4.1 Static Test for Displacement-Force Switching Control

This section presents another form of mixed control, in which displacement-

control is adopted when the stiffness is low and there is a switch to force-control

TABLE 4.3 Comparison Between Models NA, NB, and NC

Model NA NB NC

Natural period (s) 1st 0.25000 0.25330 0.24810

2nd 0.08566 0.08695 0.08489

Maximum force (MN) 12.2860 12.2920 12.0350
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when the stiffness becomes higher. To demonstrate this control, online tests

were carried out for the simulation of responses of the base-isolated structure

(Fig. 4.2a) when subjected to vertical ground motion. Preliminary static tests

were carried out to examine the test specimen’s behavior under vertical loads.

The loading program adopted was as follows. A compressive vertical load was

applied monotonically to a force of 500 kN, and then it was unloaded to zero.

Next, tensile vertical load was applied to a vertical elongation of 25 mm

(corresponding to about a 30% tensile strain in the rubber), and unloaded

again. This loading was repeated twice. The vertical forced-displacement rela-

tionships obtained are plotted in Fig. 4.11. As shown in Fig. 4.11, the vertical

stiffness differs notably between compression and tension, with a compressive

stiffness about 60 times larger than the tensile stiffness. The strength in tension

was very small, exhibiting a small yield force and a large plastic deformation

afterward. This significant difference in stiffness was the reason that switching

control was developed.

4.4.2 Algorithm of Displacement-Force Switching Control

In the displacement-force switching control devised in this study, one jack was

force-controlled when the test specimen (HDRBs) sustained compression, and

displacement-controlled when it sustained tension. As in the displacement-

force combined control, the OS scheme was used for direct integration. During

the force-control segment, the force equal to the product of the predicted

displacement and the assumed vertical stiffness was applied to the tested struc-

ture, while the conventional displacement-control was employed during the

displacement-control. The control mode was switched when the sign of the

force changed from compression to tension or from tension to compression.

The integration algorithm for computation is as follows:
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(1) Set the initial stiffness based on preliminary compression test, and set

control-mode at force-control.

(2) Apply a compressive force corresponding to gravity to the test specimen

and measure the corresponding displacement, which is set to be the initial

displacement.

(3) Compute the predictor displacement edn+ 1.
(4) Compute the predictor force ef n+ 1 by KIedn+ 1.
(5) Select a controlmode. If ef n + 1 is negative, the test specimen is taken to sustain

compression, and force-control is adopted. If ef n+ 1 is positive, the test speci-
men is taken to sustain tension, and displacement-control is adopted.

(6) Load the specimen. In force-control, apply the computed load to the struc-

ture, substitute zero into the term KE
n+ 1

edn+ 1 (Equation 4.1). In

displacement-control, apply the predicted displacement, measure the reac-

tional force fn+1, compute fn+ 1�KIedn+ 1, substitute it into the term

KE
n+ 1

edn+ 1 (Equation 4.1), and compute the corrector displacement dn+1.

Figure 4.12a shows the details of switching the control mode from force to dis-

placement. In Step n, the test specimen, sustaining compression, is led to Point

A by force-control. The predictor displacement computed for Step n+1 is pos-

itive. Then control mode is switched from force to displacement, and the test

specimen is led to Point B. The corresponding force is measured and used

for computation in the following step. Figure 4.12b shows the details of switch-

ing the control mode from displacement to force. In Step n, the test specimen,

sustaining tension, is led to Point A by displacement-control. The predictor dis-

placement computed for Step n+1 is negative, and the control mode is switched

to force-control. The test specimen is led to Point B whose force equals KIedn+ 1.
As shown in Fig. 4.12b, direct loading from Points A to B may create a large

imbalanced energy in the computation. To avoid this, varying time integration

was adopted for the step when the control-mode is switched from displacement

to force as shown (Fig. 4.12c). If the (negative) predictor displacement is larger

than a tolerance displacement dc, the integration time interval is reduced to 0.9

Δt, and the corresponding predictor displacement is estimated again. This pro-

cedure is repeated by reducing the integration time interval to 0.92 Δt, 0.93 Δt,

Displacement

Force

B

A

Displacement

Force

B

A

Displacement

Force
A

B

dc

(a) (b) (c)

dn+1
∼

dn+1
∼

dn+1
∼

FIGURE 4.12 Implementation of displacement-force switching control: (a) switching from force

to displacement, (b) switching from displacement to force, (c) varying time integration.
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etc., until the predictor displacement becomes smaller than the tolerance

displacement. Then, the control-mode is switched to force at point A

(Fig. 4.12c), and the specimen is led to the predictor force, which is estimated

as the product of the assumed stiffness and predictor displacement. The force-

control mode is adopted for the succeeding steps.

4.4.3 Online Test Using Displacement-Force Switching Control

Using the proposed switching control, two online tests (Tests SA and SB) were

applied for the simulation of the base-isolated structure (Fig. 4.2), when sub-

jected to vertical motion. The vertical component of the JMA record

(Fig. 4.8) was adopted, and 10 s of the time history including large accelerations

were chosen for simulation. In Test SA, an initial compressive force of 250 kN

was applied on the specimen to simulate gravity of the superstructure, and the

online test was performed. In Test SB, an initial compressive force of 50 kN

(instead of 250 kN) was imposed, and the online test was performed. Because

of the smaller initial compressive force, the tested HDRBs sustained significant

tensile deformations in Test SB, while no tension occurred in Test SA.

Figure 4.13a and b shows the vertical displacement and force time histories

obtained from Test SB. To demonstrate the control accuracy, 1 s of time histo-

ries involving large responses is presented. The difference between the pre-

dicted and measured values is very small, with the maximum difference, at

most, 0.5% of the largest displacement for displacement-control and 2% of

the largest force for force-control. This demonstrates that the proposed system

ensured accurate control even when many rounds of switching between

displacement- and force-control took place during the test.

Figure 4.14a compares the hysteresis curves obtained from Tests SA and SB.

The dashed line represents the results of Test SAwhere no tension occurred, and

the solid line the results of Test B where tension occurred. For purposes of

comparison, force values obtained for Test SA are shifted by 200 kN. Since

no tension occurred in Test SA, the corresponding displacement-force relation-

ship is linear, while significant plastic deformations occur a few times in Test

SB. Figure 4.14b shows the time histories (between 5 and 6 s) of the vertical

force. In Test SA without tension, it vibrates smoothly with a response period

of about 0.25 s, which corresponds to the first natural period of the base-isolated

structure in the vertical direction. In Test SB, the tensile force does not grow

because of yielding in tension. Rather high-frequency vibration is also notable

during the response in compression. This is attributed to bumping that occurred

at the instant when the test specimen (base-isolation layer) started taking

compression. It is analogous to the situation in which the superstructure leaps

upward (because the tensile stiffness of the base-isolation layer is very small),

falls down and bumps into the ground (because the compressive stiffness of the

base-isolation layer is very large). This bumping effect caused large vertical

accelerations in the first floor, located immediately above the base-isolators.
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4.5 CONCLUSIONS

The online test is in essence a test with displacement-control. The displacement

control for stiff members, however, is not an easy task. To expand the capacity

of the online test, a displacement-force mixed control technique is devised. The

test system consisted of quasi-static jacks, digital-displacement transducers,

hydraulic pumps, controllers, PCs for control, signal generation, and data stor-

age, and a data acquisition unit. Two types of mixed control are considered. One

is called “combined control,” in which one jack is force-controlled and the other

is displacement-controlled, with fine tuning of motion of the two jacks; and the

other is called “switching control,” in which one jack is operated by

displacement-control but switched to force-control upon request. The proposed
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mixed control technique was used to simulate earthquake responses of an eight-

story base-isolated structure. The superstructure and base-isolation layer were

assigned as the computed part and tested part, respectively. The superstructure

was treated as a mass-spring system, with one mass per floor and one horizontal

and one vertical spring per story.

“Combined control” was applied to simulate the earthquake responses of the

base-isolated structure when subjected to both horizontal and vertical ground

motions. A horizontal jack was used to impose lateral displacement of the
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base-isolation layer (displacement-controlled), and a vertical jack was used to

impose axial forces on the layer (force-controlled). The force applied was given

as the product of the assumed stiffness and the vertical displacement (estimated

by the direct integration of the associated equations of motion). In consideration

of rather strong dependency of the horizontal stiffness of the base-isolation

layer on the vertical stresses imposed on the layer, application of varying axial

forces in tune with the horizontal deformations is justified. The online test with

the proposed mixed control was successful, with accurate displacement and

force control achieved for both jacks.

“Switching control” was applied to simulate the earthquake responses of the

base-isolated structure when subjected to large vertical motions and hence

involving tension in base-isolation layer. To consider significant differences

in stiffness when the layer takes compression and tension, force-control (similar

to the one used in combined mixed control) was adopted when taking compres-

sion and switched to displacement-control once taking tension. Switching from

force to displacement or vice versa was satisfactory particularly when adopting

time-varying integration to specify the precise switching point.
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5.1 INTRODUCTION

Among various advantages of the online test over the shaking table test, known

to be the most direct experimental technique for the simulation of earthquake

responses, the online test’s capacity to combine itself with substructuring tech-

niques is very appealing [1,2]. In the substructure online test, part of the struc-

ture whose restoring force behavior is too complex to model is tested, while the

rest of the structure is modeled in the computer, and the equations of motion that

represent the entire structure are solved. The substructure online test naturally

leads to a path of tests on a larger scale.

The substructure online test has already been applied by many researchers,

with notable applications in the early development stage [3–5] (see also,

Chapter 4). In all previous substructure online tests, the analytical part was mod-

eled into rather small degrees-of-freedom (DOF), and the equations of motion
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of the entire structure (including the tested and computed parts) were developed

by the researchers themselves and solved in the computers that ran the test. To

increase the accuracy for the behavior of the computed part, it is always appeal-

ing to use a finite element method (FEM) type of program that has been devel-

oped for numerical analysis. Difficulties do exist, however, because such a

program is commonly formulated in an incremental form (to allow for various

nonlinearities) and adopts implicit integration algorithms (to ensure uncondi-

tional stability). On the other hand, an explicit method is used, and the equations

of motion are solved for the overall quantities, instead of incremental quantities

in the online test, because iterative solutions are not acceptable in the online test

that involves physical testing. These dilemmas, i.e., implicit versus explicit and

incremental versus overall, should be resolved if a FEM type of program is used

in the substructure online test.

Considering the online communication between the test and computation in

the online test, it is not necessary to conduct the test and computation at the

same location. Because of the very fast data communication over the Internet,

it is practicable to conduct tests and analyses in multiple locations, exchange

necessary data among them, and simulate the earthquake response of a very

large structural system. The concept of “Internet testing” or “distributed test-

ing” has been addressed over the past few years [6–9], and a few real applica-

tions have been reported [10–12]. The concept is very promising, in that it will

increase the capacity of the substructure online test significantly, but there is a

problem to be resolved for the versatile application of this concept. That is, the

data exchange over the Internet should be handy, stable, secure, and robust.

Some troubles may be tolerable if only numerical analyses are carried out,

because the analyses can be restarted in the worst case; but in the online test

that involves physical testing, the test structure would not be able to recover

the intact properties once loaded. Security across the Internet is becoming very

strict, which makes it very difficult to exchange data securely without delay.

Some special procedures for data exchange may be developed for Internet test-

ing, but esoteric procedures are difficult to share with the majority of

researchers engaged in earthquake engineering.

This chapter presents challenges to the two issues addressed above, i.e., the

substructure online test combined with a FEM type of program, and the Internet

testing. This chapter consists of three sections. First, a data exchange interface

with host and stations is devised for the Internet test system with the tests con-

ducted in geographically distributed locations. A practical method that utilizes

standard protocols implemented by operating systems for sharing files and

folders, a generic data format to standardize the communication, and a data

exchange algorithm fit for physical tests are adopted. Second, a procedure is

developed in which the tangent stiffness of the tested part is estimated based

on a few steps of previously obtained data. Errors associated with the prediction

are suppressed by compensation in the following step. Third, the proposed sys-

tem is applied to a base-isolated structure, in which the base-isolation layer is
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tested and the superstructure is modeled by a FEM program, and the applica-

bility and effectiveness of the proposed system is calibrated.

5.2 PRESENTATION OF THE INTERNET ONLINE TEST SYSTEM

5.2.1 System Framework

The framework of the proposed Internet online test system is illustrated in

Fig. 5.1. The system consists of the host, stations, and data exchange interfaces.

The simulated structure is divided into computed parts and tested parts, by the

use of substructuring techniques. The host analyzes the computed parts, collects

information from the stations, and simulates the response of the entire structure.

Each station performs a physical test in accordance with the (displacement)

command transferred from the host, and creates information on the behavior

of each substructure. The data exchange interfaces are in charge of communi-

cation between the host and the stations. A base-isolated structure equipped

with isolators and a damper is used as a specific example in Fig. 5.1. The entire

structure is divided into the superstructure, two isolators, and the damper. The

superstructure, which is a conventional steel moment frame, is analyzed numer-

ically in the host. The two isolators and the damper, whose restoring force

behavior is complicated, are tested in three stations. The host and the three sta-

tions are geographically distributed, but they do the test collaboratively by care-

fully exchanging data. The data exchange is implemented through the data

exchange interfaces, a standard platform for communication between the host

and all the stations. Details about the data exchange interface are given below.

Internet

Internet data exchange interface

Host: simulation of entire structure

Internet data exchange interface

Stations: test of substructure

 

 

FIGURE 5.1 System framework.
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The equations of motion for the entire structure are formulated in the host. A

general finite element program adopting an implicit integration scheme is used

for the analysis of the computed part. This is different from many previous

applications, in which the program that solved the associated equations of

motions was developed by researchers themselves and adopted an explicit inte-

gration scheme to conform to the principle of the online test. To accommodate

an implicit scheme with the online test, this study adopted a method in which the

tangent stiffnesses of the tested substructures are estimated after each loading

step. Details of the method to estimate the tangent stiffness will be explicated in

Section 5.3. The procedure to implement the system is shown schematically in

Fig. 5.2. The initial stiffness matrix [Km] is established, and the initial force vec-

tor {Fm} is assigned for the substructure located in each station. The stiffness

matrices and the force vectors of all stations are sent to the host over the Internet

and transformed from the respective local coordinates to the global coordinate

set for the analysis in the host. The initial global stiffness matrix [KG] (com-

monly equals the elastic stiffness matrix) and force vector {FG} (commonly

=

FIGURE 5.2 Implementation of substructure technique.
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equal to a null vector) of the entire structure are constructed in the host, and

initialization is completed. The global incremental displacement vector is cal-

culated by solving the equations of motion of the entire system. The correspond-

ing incremental displacement vectors assigned for the substructures are sent to

all stations after the transformation from the global to local coordinates. Phys-

ical tests are to start in the stations, and the test specimens are loaded to the

respective target displacements. Upon completion of loading, the reactional

forces are measured, and the incremental stiffness is predicted for each sub-

structure. The estimated substructure stiffness matrix [Km] and the measured

substructure force vector {Fm} are sent to the host over the Internet again,

and the global stiffness matrix and force vector are refreshed. The procedure

is repeated up to the end of the online test.

5.2.2 Internet Data Exchange Interface

The Internet online test system with the tests conducted in geographically dis-

tributed stations requires data exchange over the Internet. Although the data

exchange interface could be in any form as long as it is communicable between

the host and all stations, some characteristics are preferred. First is stability:

unlike numerical analyses, in which everything can be restarted from the begin-

ning if something does not function properly, a return to the initial stage is not

practical when physical tests are involved. Hence, the data exchange interface

should be stable enough to guarantee the tests without interruption. Second is

security: if the data exchange interface is not secure, the Internet online test is

susceptible to malfunctions. Third is convenience: researchers involved in the

Internet online test are mostly structural engineers rather than software engi-

neers. The interface has to be user-friendly enough to be mastered by these

researchers without their spending too much time to learn about special tech-

niques of the interface. A simple data exchange solution has been proposed

by Tada and Kuwahara [13], and it was adopted for the Internet online test pre-

sented in this chapter.

Data Exchange Solution

In the proposed solution, a technique of sharing files and folders implemented

by operating systems is utilized. The exchanged data are packed as temporary

files, and the host and stations exchange data through the temporary files stored

in the sharing directories. In principle, any protocol, i.e., smb, afp, ftp, and http,

is acceptable for the Internet connection, but an appropriate protocol has to be

selected according to the computer system and network environment.

Figure 5.3a shows an example with one host and three stations. One host direc-

tory and three station directories are created in a server computer on the Internet.

The host has “read and write” (RW) permissions in its own host directory, and

has “read only” (RO) permission in all other station directories. Each station has
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RWpermission in its own station directory, RO permission in the host directory,

and no permission to the other station directories. With reference to Fig. 5.3a,

the host can RW files in the directory of “Host,” and read files in the directories

of “Stations 1, 2, and 3”; Station 1 (2 or 3) can RW files in the directory of “Sta-

tion 1 (2 or 3)” and read files in the directory of “Host.” Three sets of temporary

files are created corresponding to the three pairs of communication between the

host and the stations. Each set of temporary files includes a file created by the

host in the directory of “Host,” and a file created by a station in the directory of

that station. Different temporary file names are adopted to avoid conflict in the

directory of “Host.”

Figure 5.3b describes details of communication between the host and one

station. Suppose the host is named “Host,” the station chosen is “Station X,”

and the temporary file name is designated as “Temp X.” The procedure for

one round of communication is as follows:

Host deletes “Temp X” and creates “Temp X” in the directory of “Host”

“Station X” reads “Temp X” in the directory of “Host”

“Station X” deletes “Temp X,” and creates “Temp X” in the directory of

“Station X”

“Host” reads “Temp X” in the directory of “Station X.”

One round of data exchange is accomplished through the four steps above. It is

notable that the procedure above follows a basic rule: “who creates and who

deletes,” which ensures Internet security.

To return to the Internet online test, the host creates a file to specify the com-

mands (i.e., the next target displacements). All the stations keep monitoring the

state of the host directory, and read the commands as soon as they become avail-

able. Physical tests are then conducted at the stations, and the files that include

the results are created in the corresponding station directories. The host keeps

querying the state of all the station directories, and reads the data from the sta-

tion directories as soon as they become available.

Host
Station 1 Station 3Station 2

Temporary files

Host
Station X

1 4 32

Temp X

Station X

(a) (b)

Host Station 1 Station 2 Station 3 Host 

FIGURE 5.3 Data exchange interface: (a) one host and three stations, (b) one host and one station.
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Generic Data Format

The information to be exchanged varies with the type of tests. In order to stan-

dardize the Internet data exchange interface, a generic data format is adopted.

The data formats are given in Tables 5.1 and 5.2 for “from host to station” and

“from station to host,” respectively, although they are rather similar in structure.

The first line gives the type of communication, number of integer data, number

of real data, and data exchange counter. The type of communication defines the

content of the data package, i.e., “0” means that the data package is for initial-

ization. The number of integer and the number of real data specify how many

integer and real data should be read from this package. The data exchange coun-

ter is used to check whether the data package is updated. Let us suppose that the

system has completed 800 steps and is waiting for the 801st step. If the data

transferring counter remains at 800, the system recognizes that the data are

not updated yet, and the system has to wait. Specific information, such as

the load case, load step, stiffness, force, and so forth, are placed in the second

and third lines.

Validation of Interface

In 2003, Tada et al. conducted an Internet analysis in Japan [13]. Ten organi-

zations participated, 12 personal computers and 1 server computer were used,

and a braced steel moment frame was analyzed. The 13 computers owned by the

10 organizations implemented the analysis collaboratively. The entire structure

TABLE 5.1 Generic Exchanged Data Format for Internet Online Test

(Host to Station)

Row Content Interpretation

1st Type of
communication

0: Initialization 1: Loading

3: Checking 9: Completion

Number of
integer

Integer type data in the 2nd row

Number of real Real type data in the 3rd row

Transferring
counter

For checking whether the content is updated

2nd Load case index Load case

Load step index Load step

3rd Time For dynamic response analysis

Incremental
displacement

Incremental displacements corresponding to the
boundary DOFs of substructures
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was divided into 13 substructures. Twelve substructures (beams and braces)

were analyzed by the 12 personal computers. The server computer was in

charge of the global analysis control. The data exchange interface adopted in

this study was used in the analysis for Internet communication between the

12 personal computers and the server computer. The success of the analysis

demonstrated that the proposed Internet data exchange interface is capable of

exchanging data in a stable and robust manner between more than 10 computers

across the Internet.

Data Exchange Algorithm

Multiple rounds of data exchange in the single load step were executed for the

Internet online test. This cautious approach was adopted to ensure the secure

transfer of data between the host and stations. In the numerical analysis domain,

a single round of data exchange is commonly sufficient, and if unloading is

detected in the analysis, the analysis only needs to return to the previous step

and recalculate using the unloading stiffness. In the online test, such a return

is not practical, because the test is conducted physically. Although multiple

rounds of data exchange are more time-consuming, it is deemed worthwhile

because a physically tested specimen is never able to return to the previous state

once it sustains plastic deformations.

Figure 5.4 shows a flowchart of the proposed data exchange algorithm. In

each load step, the host refreshes the global stiffness matrix and solves the

TABLE 5.2 Generic Exchanged Data Format for Internet Online Test

(Station to Host)

Row Content Interpretation

1st Type of
communication

100: Initialization 101: READY 103: UNREADY

Number of integer Integer type data in the 2nd row

Number of real Real type data in the 3rd row

Transferring
counter

For checking whether the content is updated

2nd Null No integer needed to be transferred

Stiffness Stiffness matrix of substructures after static
condensation

3rd Reactional force Reactional forces corresponding to boundary DOFs
of substructures

Strain energy Strain energies of substructures used to check energy
balance
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incremental displacements for the next step of the entire structure. Then the dis-

placements specified to each substructure with a “CHECKING” flag are sent to

the corresponding station. After receiving the command, the station checks the

status of loading or unloading. If unloading occurs, a new stiffness with an

“UNREADY” flag is returned to the host; otherwise a “READY” flag is

returned to the host. The host checks the information from all the stations. If

the station status is still “UNREADY,” new incremental displacements are cal-

culated and sent to all the stations once again with a “CHECKING” flag. The

host repeats the procedure and sends the final incremental displacements to all

the stations with a “LOADING” flag after all the stations return a “READY”

flag to the host. The stations start to load only after receiving the command

with a “LOADING” flag. After loading is completed, the measured forces

and predicted stiffnesses are sent back to the host, and the stations are set at

“UNREADY.”

Practical Environment Using Interface

The practical Internet online environment shown in Fig. 5.5 was constructed

between Osaka University and Kyoto University of Japan.

One host and one station were designated in Osaka University and Kyoto

University, respectively. The tested structure was divided into a computed part

and a tested part. The computed part is simulated numerically by the program

Host: Refresh global matrix

Host: Solve global matrix

Host: Send incremental displacements to
station with CHECKING flag

Check Unloading, ...

Host: Send incremental displacements  to
station with LOADING flag

Measure forces, and refresh local stiffness
matrix

Forces, Stiffness
UNREADY New Stiffness

UNREADYN

Y

Host: All Stations READY?
Y

N

Station: Calculate new displacements, and
send command to loading system

READY

FIGURE 5.4 Flowchart of data exchange algorithm.
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installed at the host station at Osaka University, which was connected to the

Osaka University Network (ODINS). The physical test was carried out in Kyoto

University. An Internet test program was developed for the control algorithm.

The test program was run in the station computer connected to the Kyoto Uni-

versity Network (KUINS III). The station computer was also connected to a

control computer that supervised and controlled the loading facilities such as

jacks and controllers. In the test, the station computer sends commands to

the control computer, and the control computer supervises the action of loading

facilities. The loading system was used successfully for several online tests

[14]. ODINS and KUINS III were connected to the Internet through LAN

cables. Strict firewalls are set up in KUINS III, and direct “Point to Point” con-

nections are prohibited between the computers within a local network and those

outside, but some services like http, ftp, and socks are available through the

proxy. In this study, the http protocol was used to connect the station computer

and the server computer. The data exchange was implemented by a dynamic

link library (DLL), which was used for all the computers that participated in

the Internet online test. In order to simplify the implementation, a program

Osaka University Network

Host
(for calculation)

Post office
(Server, Webdav)

Control computer

Internet

(KUINS III)

Station
(for test program)

Loading
facilities

Host program
(sophisticated FEM)

Loading control
program

Host Station

Virtual host

Virtual station

Virtual host Virtual station

(Webdrive 5.2)

Station program

 

FIGURE 5.5 Proposed Internet online test system.
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named “WebDrive” [15] was used in this study. “WebDrive” is able to map

remote directories and files on the Internet to local directories and files. The

function of passing across the firewalls through the proxy was also provided

in the “WebDrive.” Although only one host and one station were used in this

study, the proposed interface is capable of performing the Internet online test

with multiple stations.

5.3 ACCOMMODATION WITH IMPLICIT FINITE ELEMENT
PROGRAM

5.3.1 Importance of Stiffness Prediction

Most finite element programs use implicit procedures for the time history

analysis of structures. Material nonlinearities are commonly handled by iter-

ations and/or incremental formulations. However, iterations are prohibitive in

the online test, because it is impractical to make the test structure return to the

previous position once loaded. Traditionally, the online test adopts an explicit

integration with the equations of motion being formulated with respect to the

overall (not incremental) quantities. If the substructure online test is combined

with an existing finite element program, problems of “implicit versus explicit”

and “overall versus incremental” shall be resolved. The approach adopted in

this study was to estimate the tangent stiffness based on the experimental

information acquired in the previous steps, compute the incremental displace-

ments for the next step using an implicit algorithm, lead the test structure to

the target displacements, and measure the corresponding reactional forces.

An imbalance restoring force, arising as a result of the difference between

the predicted and actual stiffnesses, was compensated in the next step as a

pseudoexternal force.

5.3.2 Proposed Prediction Method

In this study, the physical substructure test was conducted for 1-DOF; hence the

tangent stiffness to be estimated is a scalar. The stiffness cannot be estimated

accurately by a simple division of the incremental force by the incremental dis-

placement in the last two steps, because control and measurement errors exist in

practical experiments. The proposed method employs linear fitting to smear the

control and measurement errors. Details of the prediction procedure are as

follows:

Using the least squares method, find the slope and intercept values of a linear

function, f(u), shown in Equation (5.1) that best represents the linear fit of n sets
of the previous test data points Si(ui, fi). Here, ui and fi are the displacement and

force in the ith step:

f uð Þ¼ Slope�u + Intercept (5.1)
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1. Find a new set of data (up, fp) on the linear function shown in

Equation (5.1):

up ¼
Xj�1

i¼j�n
ui

n
(5.2)

fp ¼ f up
� �¼ Slope�up + Intercept (5.3)

2. Predict the force at uj using a linear extrapolation based on two sets of data:
(up, fp) and (uj�1, fj�1):

fj ¼ f uj
� �¼ fp

uj�up
up�uj�1

+ fj�1

uj�uj�1

uj�1�up
(5.4)

3. Calculate the predicted stiffness by:

KP ¼ fP� fj�1

uP�uj�1

(5.5)

An example is given in Fig. 5.6. S1, S2, and S3 are the data of the previous three
steps. A linear function was constructed using the least squares method based

on S1, S2, and S3, and the predictor data point Sp is constructed using

Equations (5.2) and (5.3). The predictor stiffness is calculated based on the

predictor data point Sp and the last sample data point S3 using Equations (5.4)
and (5.5).

5.4 INTERNET ONLINE TEST OF BASE-ISOLATED STRUCTURE

Online tests were carried out to examine the effectiveness of the proposed Inter-

net online test system. Primary targets for verification included: (1) applicabil-

ity of the system; (2) robustness of the Internet data exchange interface; and

(3) efficiency of the stiffness prediction method.

Least square line

1

S2

S3

Kp

KI uj−3 uj−2 uj−1 uj u

S1

Sp
(uj, fj)

fs

FIGURE 5.6 Proposed procedure of stiffness prediction using three sample data.
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5.4.1 Base-Isolated Structure Model

A base-isolated structure shown in Fig. 5.7a was adopted as the example

structure. It was an eight-story, two-span steel moment frame isolated by

rubber bearings and treated as a planar structure. As shown in Fig. 5.7b,

the substructuring technique was employed in the test. The superstructure

was modeled numerically, and the base-isolation layer was tested physically.

The superstructure was modeled by lumped masses, beam elements,

and column elements. In the model, each beam was divided into six beam

elements, and an associated lumped mass was assigned in each node. This

discretization was adopted to trace the beam deflection more accurately.

A finite element program code developed by Tada [13] was used as the

host program for numerical simulation of the superstructure. A concentric

plastic hinge was assigned at each end of the beam and column elements

to allow for member plastification, and interaction between the axial

force and moment was taken into account for yielding of the plastic hinges.

Both the material and geometric nonlinearities were also taken into account.

This model, having 315-DOFs, was deemed significantly more accurate than

stick models (by story-to-story representation) conventionally adopted in

many previous online tests. In this study, the base-isolation layer was taken

to move only horizontally, with the assumption that the base-isolators were

infinitely stiff in the vertical direction. Then, the DOF shared by the super-

structure and the base-isolation layer was reduced to 1 (designated as

Node I in Fig. 5.7b), i.e., the horizontal displacement and force of the base-

isolation layer.

8@
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Node /
test
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Computation
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FIGURE 5.7 Structure adopted for demonstration test: (a) base-isolated structure,

(b) model.
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5.4.2 Test Setup and Test Specimen

The test setup, shown in Fig. 5.8a and b, includes the loading frame, two jacks

(one for horizontal loading and the other for vertical loading), and the test spec-

imen. The test specimen featured two identical high damping rubber bearings

(HDRBs) securely fastened by high-tension bolts to the base steel beam at the

bottom and to an inverted T-shaped loading frame at the top. The base steel

beam was tied down to the loading frame, and the two jacks were attached at

the top of the inverted T-shaped loading frame. Both the base steel beam and

the T-shaped loading frame were designed to be rigid enough relative to the rub-

ber bearings. The two rubber bearings were placed 1.0 m apart in the center-to-

center length, and the jacks were attached at a height of 1.5 m, measured from

the bottom of the HDRBs to the top of the T-shaped loading frame (Fig. 5.9a).

(a) (b)

Horizontal jack

Vertical jack

Specimen

FIGURE 5.8 Test setup: (a) test specimen and loading frame, (b) view of test setup.

A
(VT, FV)

(UT, FH)

1.
5 

m

1.0 m

FIGURE 5.9 Measurement of diplacement and force.
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The vertical jack applied to the rubber bearings was a constant vertical force

equal to the gravity, and the horizontal jack was displacement-controlled in

accordance with the displacement commanded by the online test.

Figure 5.9 shows measurement details. The digital displacement transducers

and load cells of the two jacks, both attached at Point A, measured the horizontal

displacementUT, the horizontal reaction force FH, the vertical displacement VT,

and the vertical reaction force FV. The horizontal jack’s displacement was taken

to be the horizontal displacement of the test specimen. It was justified because

the T-shaped loading frame was designed to be rigid enough as compared to the

rubber bearings, and the test specimen did not rotate due to the very large com-

pressive stiffness of the test HDRBs.

Although only the horizontal interaction between the superstructure and

base-isolation layer was considered explicitly in the model, the effects of over-

turning moment on the base-isolation layer were partially included in the phys-

ical test. This is because, in the loading system used in the test, the horizontal

jack through the inverted T-shaped loading frame applied overturning moment

automatically in addition to horizontal force. This corresponded to the situation

that the location of the center of horizontal forces applied to the superstructure

was taken to remain unchanged.

The HDRBs of the test specimen had the dimensions with a diameter of

200 mm and a total rubber thickness of 85 mm. From comparison in the

cross-sectional area, the total rubber thickness, the shape factors, rubber’s shear

modulus between the prototype HDRBs and the tested HDRBs, the scale-ratios

of 1:4 and 1:20 were adopted for the horizontal displacement and horizontal

force, respectively. In other words, one-fourth of the displacement predicted

by solving the equations of motion of the base-isolated structure was applied

into the test specimen, and the force measured by the test specimen was

increased by 20 times when inserted into the solution of the equations of motion.

5.4.3 Test Results

Three Internet online tests, Tests, 1, 2, and 3, were carried out in this study. In all

three tests, the fault-normal component of the JMA Kobe record [16] was used.

Tests 1 and 2 did not adopt the proposed stiffness prediction method; instead,

the initial stiffness was used for the predicted stiffness throughout the test. The

difference between Tests 1 and 2 was the integration time interval, i.e., 0.02 s

for Test 1 and 0.01 s for Test 2. Test 3 adopted the proposed stiffness prediction

method, with the integration time interval of 0.02 s.

All three tests were carried out without any trouble in loading, computation,

and data exchange. Statistics on time consumption are shown in Table 5.3, indi-

cating that the time consumed for the Internet data exchange comprised about

20-30% of the total time. It looks relatively slow but worked stably. A total of

6000 rounds of data exchange were executed during the three tests, and not a

single trouble was encountered. The system proved to be robust, because it
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was able to resume even in an Internet transmission jam. This was validated by

intentionally unplugging the LAN cable; the system kept waiting until the cable

was connected again. As described earlier, the Internet data exchange in this

study adopted a file transmission procedure. File transmission is available

directly or by proxy in most networks. Although it is not necessarily the most

efficient solution, this type of transmission does not require special permissions

for transferring data across firewalls and other security restrictions. The strategy

of “who creates and who deletes” adopted in the data exchange interface was

believed to prevented users’ misoperation and other malicious entrance.

The experimental hysteresis curves for Tests 1, 2, and 3 are shown as solid

lines in Fig. 5.10a, c, and e, respectively. The corresponding predicted hyster-

esis curves are also plotted as broken lines in these figures. The following pro-

cedure was adopted for plotting the predicted hysteresis curves. The assumed

elastic stiffness was used for the first three steps, and the tangent stiffness

was estimated using the corresponding prediction method from the fourth step

and after. At each step, the incremental force was estimated as the product of the

predicted stiffness and incremental displacement, and the overall force was

taken to be the current force added by the incremental force. The overall force

and displacement are plotted in Fig. 5.10. As indicated in the figures, the tested

and predicted hysteresis curves are somewhat different in Tests 1 and 2. This is

because the initial stiffness was significantly different from the actual stiffness

once the specimen yielded. The tested and predicted hysteresis curves agree

well in Test 3, because the specimen stiffness was predicted accurately in this

test. The energy time histories are obtained for Tests 1, 2, and 3, shown in

Fig. 5.10b, d, and f. Two energy time histories are plotted in these figures.

One is the external work calculated in reference to the nodal forces and dis-

placements, and the other is the internal energy calculated from the stresses

and strains of the individual elements. The two energies are to be identical to

satisfy the dynamic equilibrium. In Test 1, significant imbalance energy

occurred, because the stiffness evaluation was not accurate. The imbalanced

energy decreased in Test 2, because a smaller time interval was adopted, but

it was still notable. This suggests that use of the initial stiffness as the predicted

TABLE 5.3 Three Type of Internet Online Test

Step

Time consumed (min)

Total Loading Connection Computation

Test 1 750 160 120 40 <1

Test 2 1500 250 170 80 <2

Test 3 750 170 120 50 <1
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stiffness is not effective. The stiffness was predicted with a sufficient accuracy

in Test 3, and the imbalanced energy was negligible. This observation proves

that the proposed stiffness prediction method is effective.

Two more alternatives were investigated for the tangent stiffness prediction.

To this end, the response time history obtained from Test 3 was used.

Figure 5.11a shows the case when using a linear extrapolation. In this case,

the stiffness was simply estimated by dividing the incremental force by the

incremental displacement in the immediate previous step. As expected, the pre-

dicted stiffness is unstable, and it occurs when the incremental displacement is
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very small. This is because the force errors generated in the physical test are

amplified by dividing a small incremental displacement, and become signifi-

cant. Figure 5.11b shows the case when using a polynomial extrapolation. In

this case, a third-order polynomial function was constructed based on the data

in the previous three steps, and the tangent stiffness was predicted as the slope at

the last step. The experimental and predicted curves are significantly different.

Many other alternatives were also considered for the stiffness prediction, and

the one proposed in this study was found to be the best, although it was rather

serendipitous.

The displacement and reactional force time histories of the three tests are

compared in Fig. 5.12a and b. It is observed that Test 3 responded larger than

Test 2, and Test 2 responded larger than Test 1. The reason is that the imbal-

anced energy is the largest in Test 1, smaller in Test 2, and negligible in Test

3. The imbalanced energy acted as additional dissipated energy in the tests. The

difference is most significant at the 5th second, at which a large pulse of the

ground motion occurred, causing large displacements and intensive plasticities

at the base-isolation layer. The imbalance energy was the largest for Tests 1 and

2 at that moment.
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5.5 CONCLUSIONS

This chapter presented an Internet online test system developed for the simula-

tion of earthquake responses of structures. The system consists of the host, sta-

tions, and data exchange interfaces. In the system, the substructure online test

was considered, and the test was combined with a FEM type of program that

adopted incremental formulation and implicit integration algorithms. The test

and analysis were conducted at separate locations, and the data necessary to

exchange between them were transmitted over the Internet. A procedure of

sharing files and folders implemented by standard operating systems was

adopted for the data exchange. The procedure did not require special permission

for transmitting data across firewalls and other security restrictions; hence the

data exchange was available and easily implemented. The stability and security

of the data exchange procedure was verified through 6000 rounds of data trans-

mission; no single trouble was encountered. The host analyzes the computed

parts, collects information from the stations, and simulates the response of

the entire structure. A tangent stiffness prediction method was proposed by

which the information obtained from the physical online test can be incorpo-

rated into a numerical analysis program that utilizes incremental formulation

and implicit integration algorithms. The proposed stiffness prediction method

made use of the force and displacement data of the previous three steps. The

method was compared with various alternatives for the stiffness prediction,

and its effectiveness was demonstrated by a series of physical tests applied

to a base-isolated building model.
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6.1 INTRODUCTION

In most previous applications of the substructure online hybrid test, the adopted

numerical models used relatively crude assumptions and a limited number of

degrees of freedom (DOF), a typical one of which was a stick model with lumped

masses. Subsequent improvements to numerical analyses have been very positive
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for earthquake response simulation, and many finite element (FEM) software

applications have been made available for general purpose. In such circum-

stances, it would seem to be very effective to use a FEM software application

for the computation of the numerical substructures [1–3] (see Chapter 5).

The reality, however, is rather different: such applications have been found

to be limited. Before incorporating a FEM application into the substructure

online hybrid test, the code has to be modified such that it pauses its execution

after every time step, sends the data (commonly the reactional force data) to

another program that supervises the operation, receives a new set of data (com-

monly the displacement data) for the next time step, and then resumes the exe-

cution for the step. For example, the online hybrid test system used in European

laboratory for structural assessment [1] employed a FEM program named

CastEM for the FEM modeling of analytical substructures. In their procedure,

a condensed effective mass matrix should be transported to the online hybrid

test program from CastEM, which involves modification of the source code.

In each step, the accelerations at the common DOF should be transferred from

online hybrid test program to CastEM, and symmetrically, the pseudo-force

should be sent from CastEM to the online hybrid test program. The operations

required modification of the source code of CastEM. A framework developed

by Takahashi and Fenves [3], in which OpenSees was incorporated into the

system of numerical simulation, a special element, named the “experimental

element,” was added into the source code of OpenSees. As may readily be

speculated, such modifications are, however, not easy, partially because of

the rigid input and output rules adopted in most of the general-purpose FEM

codes. Furthermore, ordinary users are not able to touch the source codes, or

are not allowed to revise the codes due to legal restrictions. Presented in this

chapter is a method in which a general-purpose FEM application is combined

in the substructure online hybrid test. In the proposed method, the dilemma

described above is resolved with repeated use of the restart procedure com-

monly featured by general-purpose FEM applications.

This chapter consists of three sections. The first presents the constituent

parts of the proposed method, which include two different models, one used

to solve equations of motion and the other to obtain restoring forces, the pro-

cedure that repeatedly applies the restarting procedure, and the high-speed data

exchange scheme through Internet. The second gives two numerical example

applications of the proposed method to demonstrate its effectiveness. In that

section, all substructures are treated locally and numerically by a general-

purpose FEM program, ABAQUS [4]. Presented in the final section is the dem-

onstration test, which simulates the response of an eight-story base-isolated

building structure subjected to an extremely large ground motion and collision

with the surrounding retaining walls. In this example, the superstructure is mod-

eled numerically, and its restoring forces are solved by ABAQUS, while the

base-isolation layer and surrounding retaining walls are modeled experimen-

tally and the associated restoring forces are obtained by a physical test.
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6.2 DEVELOPMENT OF SEPARATED-MODEL FRAMEWORK

6.2.1 Design of Separated-Model Framework

The proposed online hybrid test system adopts the substructuring technique, in

which part of the structure is modeled numerically and the rest is tested phys-

ically. Two special features are notable in the system: (1) two separate models

are adopted for the analysis, one for the simulation of structural dynamics and

the other for the acquisition of the restoring forces; and (2) it makes use of a

FEM analysis code, readily available on the market, without any modification

of the source code [5].

The framework is shown in Fig. 6.1. A base-isolated building is chosen as an

example to describe the proposed system. The structure is divided into two

parts: the superstructure and the base-isolation layer. The superstructure is mod-

eled numerically, while the base-isolation layer is tested physically. Further-

more, the numerical model is represented by a sophisticated FEM model to

obtain the superstructure’s restoring forces accurately. The test of the base-

isolation layer is to acquire accurate information about its restoring force.

The entire structure is modeled as a relatively simple 9-DOF system, in which

one floor is represented by one mass and one story is represented by one hor-

izontal spring. Disparity in the model sophistication becomes reasonable in a

situation like; a sophisticated static model is needed for accurate evaluation

of member internal forces and deformations; all the while, the dynamics of

the structure are well represented by the first several vibration modes, which

may be determined from a model with much fewer DOF. This disparity is jus-

tified in this example, in which the restoring force behavior is very complex but

the dynamics are relatively straightforward.

In the proposed system, the time integration scheme should be chosen

according to the complexity of the dynamic model. If the dynamic model

(d)

Reaction force

Reaction force

(b)

(c)(a)

Target 
displacement 

Target 
displacement 

FIGURE 6.1 Outline of proposed system framework. (a) Entire base-isolated structure, (b) numer-

ical superstructure, (c) experimental base-isolation layer, and (d) dynamic model.
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contains many DOF, a time integration scheme that ensures stability with

respect to the time should be selected. In this particular study, the dynamics

of the structure was assumed to be relatively simple. Therefore, the explicit

Newmark-β scheme [6] was adopted because of its simplicity, which is shown

in the following equations:

dn+ 1 ¼ dn +Δtvn + 0:5Δt2an (6.1)

Man + 1 +Cvn +R
F
n+ 1 +R

B
n+ 1 ¼ fn+ 1 (6.2)

vn+ 1 ¼ vn +Δt 1� γð Þan +Δtγan+ 1 (6.3)

whered,v, and a are the displacement, velocity, and acceleration vectors, respec-

tively;Δt is the time interval; subscripts n and n+1 represent the time integration

steps n and n+1; and γ is the parameter of the explicit Newmark-β scheme,

adopted as 0.5 in this study. The adopted time integration scheme is explicit,

meaning that stability and accuracy conditions should be checked carefully.

The stability condition of the explicit Newmark-β scheme is given as [7]:

ωΔt� 2 (6.4)

Due to the explicitness of the time integration scheme, the target displace-

ments for the next step can be computed by Equation (6.1) with only the infor-

mation known at the current step. This explicitness makes iteration for loading

of a physically tested nonlinear system unnecessary. The computed displace-

ments are transferred to the numerical substructure and the experimental sub-

structure. The restoring forces of the entire structure are calculated as the

vectorial combination of the reaction force vectors obtained from the numerical

substructure and the experimental substructure, denoted in Equation (6.2) as

RF
n+ 1 and RB

n + 1, respectively. Note that the governing equations of motion

do not have to be formulated in an incremental manner owing to the direct

use of reaction forces. Using these restoring forces, the equations of motion

are solved by Equations (6.2) and (6.3).

6.2.2 System Implementation

In accordance with the framework of the proposed online hybrid test system, a

main control program and an FEM control program were developed to super-

vise the entire process. The right-hand side in Fig. 6.2 shows the flowchart of the

main control program. The program handles the discretized dynamic model

having 9-DOF as indicated in Fig. 6.1, and also supervises the experimental sub-

structure, i.e., the base-isolation layer shown in Fig. 6.1. The left-hand side of

Fig. 6.2 is the flowchart of the FEM control program that handles the numerical

substructure, i.e., the superstructure in Fig. 6.1.

Since the interfaces to the loading device and data collecting system are

given as Visual Basic modules, Visual Basic was chosen for the main control

programming language. The major functions of the main control program are
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(1) to solve the equations of motion of the discretized dynamic model; (2) to

send the target displacements to the numerical substructure and receive the

restoring forces from the analysis; and (3) to supervise the physical test and

obtain the restoring forces from the test. The FEM control program can be

developed using any modern programming language. In this study, FORTRAN
90 is adopted. The tasks of this program are (1) to generate the input files for

each step of FEM analysis; (2) to prompt the FEM analysis; and (3) to interpret

the analysis results and obtain the reaction forces.

The two programs, i.e., the main control program and the FEM control pro-

gram, work simultaneously but on different computers and communicate with

each other over the Internet. Figure 6.2 also shows the flow of Internet commu-

nication. In each step, the main control program computes the target displace-

ments for the associated DOF of the discretized dynamic model and sends them

to the numerical substructure, which is analyzed by the FEM control program.

The main control program also transfers the target displacements of the exper-

imental substructure to the computer for controlling the test. The main control

program then waits and checks the loading status of the physical test continu-

ously. Once the loading is finished, the restoring forces measured in the exper-

imental substructure are fed back to the main control program and saved on its

hard disk. The main control program also collects the restoring forces of the

numerical substructure. In reference to the restoring forces collected from

the substructures, the entire restoring force vector is calculated. Finally, the

equations of motion are computed using Equations (6.2) and (6.3), and all of

the necessary data for the next step become ready.

…

Target displacement

Displacement out

FEM control program

Send displacement to
physical test

Displacement in

Generate input file for 
FEM

Analysis…

Obtain reaction force 
from result file

Restoring force in

Waiting at loading

Tested substructure

Generate signal to 
pumps

Loading…

Measure reaction force

Solve equations of 
motion

Main control program

Save experiment data

Loop in main 
control program

Loop in FEM 
control program

Technical delay

Restoring force out

FIGURE 6.2 Two programs used for system control.
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The FEM control program stays at the starting point until the new target dis-

placements are received. Upon receipt of the target displacements, an input file

that includes the target displacements and other information such as structural

configuration needed for the FEM analysis is generated. This file is a standard

input file that can be read by the FEM preprocessor. The FEM control program

evokes the FEM software for the current step analysis. While the FEM software

runs, the FEM control program awaits. Once the analysis is completed, the FEM

control program awakes to interpret the result file transferred from the FEM

software. This result file is written in text format. Once the reaction forces

are sent back to the main control program, does the FEM control program return

to the starting point, making itself ready for the next step analysis. In practical

implementation of the FEM control program, the result file is written in the hard

disk at completion of the current step analysis, but with a certain lag. If the FEM

control program attempts to interpret the result file before the result file is saved

in the hard disk, a fatal error would occur and the FEM control program would

be terminated. To avoid this potential problem, a “technical delay” (Fig. 6.2) of

1.0 s is introduced before the start of the feedback process.

When the experimental substructure is loaded in each step, the numerical

substructure is being analyzed simultaneously. This parallelism improves the

time efficiency significantly, as will be discussed later.

6.2.3 High-Speed Data Exchange Scheme Using a Socket
Mechanism

Two solutions were considered for exchanging data across the Internet. One is

to utilize a standard protocol usually implemented by the operating system for

sharing files and folders, such as the one used in Chapter 5. The feasibility of

this solution has been proven, but the speed of data transmission is not neces-

sarily fast enough [8]. The other is to utilize a standard message-passing inter-

face (MPI) [9]. MPI is a standard library specification for message passing. It

was designed to run on distributed-memory multiprocessors, networks of work-

stations, and combinations of both, achieving a standard in parallel computing.

However, this approach was found to be unsuitable, because most of current

implementations, e.g., MPICH, LAM/MPI, andMPI-G2 [9], have the following

limitations. (1) Among the various processes connected by MPI, only the main

process, defined commonly as Process 0, is designed to accept interruption by

users. This is acceptable for parallel computing, but does not meet the demands

of the online hybrid test system, because all stations in the online hybrid test

system, especially those involving physical tests, require interruption by users.

(2) MPI can be run on various types of operating system, e.g., Windows and

Linux. However, implementations to date support only a single type of operat-

ing system in one application. This limitation significantly restricts the capacity

of distributed task sharing over the Internet. (3) Original implementations of

MPI were applicable only on local LANs. Recent implementations are being
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extended to the Internet, i.e., MPI-G2. They still face many difficulties associ-

ated with strict firewalls. To this end, a socket mechanism [10] based on the

TCP/IP protocol was adopted to provide flexible and high-speed data exchange

over the Internet.

The procedure [11] of data exchange using the socket mechanism is as fol-

lows: (1) the Server establishes a listening socket and waits for connections

from clients; (2) the Client creates a client socket and attempts to connect to

the Server; (3) the Server accepts the Client connection attempt; (4) the Server

and Client start to send and receive data using the socket being established;

(5) the Server and Client close the connection after the completion of data

exchange. As shown in Fig. 6.3a and b, two types of data exchange are

Coordinator

Substructure B

Substructure CSubstructure A

Subnet A

Subnet B

Subnet C

(a)

(b)

Coordinator

Substructure B

Substructure CSubstructure A

Firewall

Subnet A

Subnet B

Subnet C

Proxy

Subnet D

FIGURE 6.3 Data exchange: (a) direct data exchange and (b) data exchange through a proxy

program.
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considered, i.e., direct data exchange and data exchange through proxy. In the

direct data exchange, Coordinator and Substructures are set as Server and Cli-

ents, respectively. In the data exchange through proxy, Coordinator and sub-

structures are set as Clients, and the proxy is set as Server. Here, proxy is a

program developed for forwarding data between Server and Clients. The data

exchange through proxy is particularly useful specifically in the situations when

strict firewalls are present. To simplify the application of the socket mechanism,

the raw socket application programming interfaces, commonly provided by the

operating systems, are encapsulated into a library. Data exchange over the Inter-

net is realized using a few interface functions, i.e., “SOCKETI” and “SOCK-

ETO” for the direct data exchange, and “SOCKETIP” and “SOCKETOP”

for the data exchange through proxy.

In order to increase the efficiency and security of data transmission, an

encode-decode procedure was adopted for data transmission. In the procedure:

(1) all data to be transmitted are encoded into a byte stream, e.g., 4 bytes for an

integer and 8 bytes for a double precision float; (2) the byte stream is transmitted

over the Internet using the socket mechanism; (3) the transmitted byte stream is

decoded to the original data upon reaching the destination. Data are arranged in

a network byte order when encoded, and then rearranged in a machine byte

order when it is decoded. Such treatment is particularly useful to solve potential

problems associated with the exchange of data between different computer sys-

tems, i.e., some computer systems using “Big Endian” byte order, while others

using “Little Endian” byte order. This data exchange solution was validated for

Windows, Linux, and Macintosh systems, and it has proven to be portable and

efficient.

6.2.4 Incorporation of FEM Programs Using Restart Capability

In this study, a general-purpose FEM software application, ABAQUS, was

adopted for the numerical analysis. The restarting capability of ABAQUS is

the decisive component for using a general-purpose software application with

the proposed system. ABAQUS can write the model definition and all informa-

tion to the current state in a set of restart files. This allows an analysis to pause at

a certain step and to resume the analysis at a later time. With repeated use of this

capability, ABAQUS can keep pace with the step-by-step time integration. In

the proposed system, the restarting analysis is executed as many times as the

integration time steps. When a restart analysis is completed for the current step,

all information up to the present state is restored by ABAQUS, and the reaction

forces are saved into a text file, which can readily be interpreted by the FEM

control program. For the next step of restart analysis, the state at the end of

the previous step is recovered first, and then the analysis is processed with a

new input file, in which the next target displacements are written as the loading

set. Note that with the progression of the analysis, the restored information for

restart increases gradually, which will be discussed later.

106 Development of Online Hybrid Testing



An I/O interface is devised for communication with ABAQUS. Two func-

tions are implemented in the interface, i.e., for generation of input files for the

ABAQUS analysis and for interpretation of the analysis results obtained by

ABAQUS. In the implementation, only standard input and output procedures

provided by ABAQUS are employed; thus we do not need any change to the

ABAQUS source code.

Running ABAQUS with an input file is the most common way to conduct

ABAQUS analyses. The input file is interpreted by ABAQUS, the analysis

model is constructed, and consistency is checked before execution. ABAQUS

accepts an input file in the text format, which can be created by any text editor.

As stated in last section, two types of analysis are employed in this study, i.e.,

normal analysis and restarting analysis. For respective analyses, different sets of

input files are created. One is the normal input file for the normal analysis, and

the other is the restarting input file for the restarting analysis. Both files are com-

posed of a series of text lines of ABAQUS command, parameters, and detailed

data. Although similar in most contents, the two types of input files are different

in some specifications.

The normal input file begins with a “*HEADING” section, which is used to

define the title of the analysis. Following the “*HEADING” section, the normal

input file usually contains a model definition section, in which nodes, elements,

materials, and boundaries of the analyzed structural model are defined. At the

end of the normal input file, a “*STEP” section is defined. This section includes

the definition of analysis type, loading pattern, and output requirements. It is the

most critical portion in the proposed system since the ABAQUS analysis is

affected by the definitions in this section. The section accepts multiple steps,

and several types of analyses, i.e., “static analysis,” “modal analysis,” and

“dynamic analysis,” are possible to run in accordance with the corresponding

ABAQUS commands and parameters. In this section, some specially required

output, for example, “reactional forces,” “displacements,” and “modal shapes,”

can be requested by such output commands as “*OUTPUT HISTORY”,

“*OUTPUT FIELD”, and “*NODE FILE”. Particularly in this study, one of

the most important commands is “*RESTART, WRITE”. This command is

to have ABAQUS save the current status of the analyzed model, including

the coordinates of each node, stress and strain of each element, and loading path,

to a hard disk for succeeding restarting analyses.

Similar to the normal input file, the restarting input file also begins with a

“*HEADING” section. Different from the normal input file, a command

“*RESTART, READ” is used instead of the model definition section following

the “*HEADING” section. The command “*RESTART, READ” is the coun-

terpart of the command “*RESTART, WRITE.” It asks ABAQUS to load

the existing analysis model from the hard disk instead of creating a new struc-

tural model. The structural status (coordinates of each node, stress and strain of

each element, and loading path) being saved by “*RESTART,WRITE” is taken

as the initial status in the restarting analysis. The “*STEP” section is also the
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essence of the restarting input file. Analysis type, loading pattern, and output

requirements are also defined in this section. Note that “*RESTART, WRITE”

also needs to be included in the “*STEP” section for succeeding restarting

analyses.

In this study, the control program creates the input file automatically by call-

ing a function “WRITE” provided in FORTRAN 90 instead of using a

text editor.

ABAQUS outputs several types of result files for each analysis. In this study,

the “.fil” file is adopted because of its handiness. Related information is

obtained by interpreting the .fil file, and details are as follows:

ABAQUS supports two formats for the .fil file, i.e., binary and text. In this

study, a command, “*FILE FORMAT, ASCII”, is used to control the output file

with a text format. The contents of the .fil file consist of many data blocks, such

as structural information data block including nodal coordinates, element def-

inition, and output data block requested by users. Restart analysis rewrites the

structural information appending to the existing structural information data

blocks by adding the output data of the current analysis to the end of the file

as a new data block. Thus the .fil file contains a structural information data

block and many output data blocks including all of the previous analyses up

to the current analysis.

The contents of the .fil file, particularly the analysis results, are determined

by specifications in “*STEP” section of the input file. For instance, a command

“*NODE FILE” with parameters “RF” and “U” asks ABAQUS to output nodal

reactional forces and displacements to the .fil file, respectively. Following the

requests specified in the “*STEP” section of the input file, ABAQUS outputs

the results in special sequenced records. Each record has the following format:

record length, record type identifier, and specific attributes. An example record,

which represents the nodal reactional force, is given in Fig. 6.4a.

Each record starts with an asterisk (*) and contains some attributes. As

shown in Fig. 6.4b, separated into several parts by commas, each part starts with

a character and is followed by detailed data. The first attribute specifies the

length of the record. In this part, “I” represents the integer type of data. “1”

means this integer has one digit, and “6” is the value of the integer. Therefore,

“I 16” specifies that the record includes six attributes in total. The second part

*I 16I 3104I 13D-3.146528846903050D+05D 1.461770741
164485D+05D-4.615186066685873D+08

‘I 16’, ‘I 3104’, ‘I 13’, ‘D-3.146528846903050D+05’, 
‘D 1.461770741164485D+05’, ‘D-4.615186066685873D+08’

(a)

(b)
FIGURE 6.4 Example record of nodal reactional force.
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specifies the record identifier, which gives the physical meaning of this record,

i.e., “displacement” and “reactional force.” It is also an integer number given by

“I 3104.” Following the same rule, “I” represents the integer type of data, and

“3” means this integer has three digits; “104” is value of the integer, which gives

the ID of the identifier; “104” represents “reaction forces.” Assignment of iden-

tifiers is specified in ABAQUS documentation [1]. The next part “I 13” spec-

ifies this record is for node number “3.” What follows are the three attributes,

which give three components of reactional forces (two translations and one rota-

tion). In each attribute, Character “D” represents double type of data, and a spe-

cific double value is given after Character “D.”

In this study, the control program reads the output records one by one using a

function “READ” provided in FORTRAN 90. According to the format of the

records, the related information is obtained through a series of functions on

string operation, i.e., “TRIM” and “LENGTH” provided also in FORTRAN
90. Since the control program reads and interprets records one by one from

the beginning, it becomes time-consuming when the .fil file is made huge. This

occurs because ABAQUS outputs all results in the entire loading history, and

each analysis result is treated as a separate data block and storied successively.

To save time for interpretation of the outputs, a special technique designated as

“jump to bottom” is adopted. The essence of the technique is to scan the .fil file

without interpreting any records, and locate the last data block directly, and only

the records in the last data block are interpreted. The technique saves time, and it

satisfies our requirement since the interested information is only in the last

data block. A preliminary investigation was carried out, and it was found that

for a .fil file with a size of 600 kb, it took 8 s when interpreting all of the infor-

mation, whereas the time used was nearly null when using the “jump to bottom”

technique.

6.3 PRELIMINARY INVESTIGATIONS OF SEPARATED-MODEL
FRAMEWORK

6.3.1 Seismic Simulation of a One-Story Braced Frame

A one-story steel braced frame [12] treated as a planar structure was analyzed in

this study. As shown in Fig. 6.5, the one-story frame has a pair of identical

braces in the middle bays. The cross-sections of the beams, columns, and braces

are listed in Table 6.1. The braces have a slenderness of 125 with respect to the

weak axis, and they buckle in large compressive axial load. The tops of the five

columns were assumed to sustain identical horizontal displacements, thus the

dynamic model was simplified to a single degree-of-freedom (SDOF) system.

A concentrated mass of 157�103kg was assigned to the floor, and the first

period of the frame was given as 0.5 s.

The substructuring technique was employed, and the braced frame was

divided into two parts, i.e., the bare frame and the pair of braces (Fig. 6.6).
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The bare frame that consists of steel beams and columns and beams was taken as

the computed part and analyzed by ABAQUS. The pair of braces was taken as

the tested part since the cyclic behavior of the braces is deemed much more

complex than the behavior of the bare frame. In this particular study, this

part was also treated numerically and analyzed by ABAQUS instead of a

physical test.

In the detailed ABAQUS analysis, each of beam, column, and brace mem-

bers was represented by four Euler-Bernoulli beam elements. The bilinear

model considering kinematic hardening (Fig. 6.7) was adopted for the material.

In order to simulate the buckling behavior of the braces in ABAQUS, initial

imperfection was supplied to the braces by the imposition of a small constant

Hinge

9000 4500 4500 9000

C1 C1 C2 C1 C1

G1G1 G2 G2

BR BR

37
50

FIGURE 6.5 Dimensions of one-story braced frame (unit: mm).

TABLE 6.1 Cross-sections of Beams, Columns, and Braces (Unit: mm)

Type Height Width Web Flange

C1 475 332.5 11.71 20.78

C2 175 175 4.139 10.94

G1 350 200 6.34 13.33

G2 550 220 10.21 14.67

BR 175 175 4.139 10.94

Element in numerical analysis

Brace part
Bare frame part

FIGURE 6.6 Substructures of the one-story steel frame.

110 Development of Online Hybrid Testing



moment couple at both ends of the braces. The moment couple was very small,

giving a lateral deflection of 1/750 of the total brace length at the mid-length.

Elastic free vibration analysis was conducted for the one-story braced frame.

An initial velocity of 1.0 m/s was assigned to the floor, and 2 s of responses

were simulated. In this analysis, the braces were assumed to remain unbuckled,

stiffness-proportional damping with the damping ratio of 0.05 was assigned,

and the integration time interval of 0.01 s was adopted. The displacement time

history is shown in Fig. 6.8. As shown in the figure, the frame vibrates in a

period of 0.5 s, and the vibration magnitude decays with time, with the rate

of decay corresponding to that to be achieved for the damping ratio of 0.05. This

was the first analysis using the proposed method, and the result promised the

effectiveness of the method.

Nonlinear time history analysis was carried out for the one-story steel braced

frame. The NS component of 1940 El Centro ground motion was adopted again.

s (MPa)

e (10–3)

235

205

82

1

1

FIGURE 6.7 Stress-strain relationship of bilinear model.
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FIGURE 6.8 Displacement response of free vibration analysis.
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Stiffness-proportional damping was adopted and the damping ratio of 0.05

was assigned for the one-story braced frame. Both the material and geometric

nonlinearities were taken into account by the detailed ABAQUS analysis.

The analysis was completed successfully without anymalfunction, and the story

displacement time history is shown in Fig. 6.9. The hysteresis curve is also

plotted in Fig. 6.10. Complex buckling behavior of the steel braced frame is

notable.

6.3.2 Seismic Simulation of a Three-Story Braced Frame

A three-story braced frame [12] treated as a planar structure is given in

Fig. 6.11. It has three pairs of braces, each of which is installed in one story.

The cross-sections of the beams, columns, and braces are listed in Table 6.2.

The slenderness of the braces about the weak axis is 96, 110, and 125 for the

first, second, and third stories, respectively. In the analysis, the tops of the five

columns at each floor were assumed to sustain identical horizontal displace-

ments, thus the dynamic model was simplified to a 3-DOF system. Three con-

centrated masses of 600�103 kg, 400�103 kg, and 400�103 kg were assigned

for the first, second, and third floors, respectively, and the first to third periods

of the frame were estimated to be 0.469 s, 0.206 s, and 0.133 s, respectively.

The three-story steel braced frame was divided into four parts, i.e., three

pairs of braces and one bare frame (Fig. 6.12). The bare frame was taken as

the computed part and analyzed by ABAQUS. The three pairs of braces were
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FIGURE 6.9 Response of one-story braced frame.
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taken as the tested parts. In this study, they were also simulated numerically by

three separate ABAQUS analyses.

First, linear elastic time history analysis was conducted for the three-story

braced frame. The brace were assumed to remain unbuckled in the analysis. The

NS component of 1940 El Centro record was adopted for a duration of primary

motion of 10 s. The displacement time history is shown in Fig. 6.13a-c. For the

purpose of comparison, the displacement time history obtained from another

3-DOF model subjected to the identical ground motion is also plotted in

Fig. 6.13a-c. In the 3-DOFmodel, the stiffness of each story was estimated from

static pushover analyses of the entire structure by means of ABAQUS. As
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FIGURE 6.11 Dimensions of three-story steel frame (unit: mm).
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shown in the figure, the responses are identical between the proposed analysis

and the analysis for the 3-DOFmodel. This observation further proves the effec-

tiveness of the proposed method.

Nonlinear time history analysis was then carried out for the three-story steel

braced frame. The NS component of 1940 El Centro ground motion was

adopted again. Stiffness-proportional damping was adopted and the damping

ratio of 0.05 was assigned for the first mode in the three-story braced frame.

Both the material and geometric nonlinearities were taken into account by

the detailed ABAQUS analysis. The story displacement time histories are

shown in Fig. 6.14, and the hysteresis curves of each story are plotted in

Fig. 6.15a-c.

TABLE 6.2 Cross-sections of Beams, Columns, and Braces (Unit: mm)

Type Height Width Web Flange

C1 475 332.5 11.71 20.78

G1 350 200 6.34 13.33

C21 300 300 7.095 18.75

C22 250 250 5.912 15.63

C23 175 175 4.139 10.94

G21 600 240 11.14 16

G22 300 200 5.359 13.33

G23 300 200 5.359 13.33

BR1 225 225 5.321 14.06

BR2 200 200 4.37 12.5

BR3 175 175 4.139 10.94

Brace part of story 3

Brace part of story 2

Brace part of story 1Element in numerical analysis

FIGURE 6.12 Substructures of three-story braced steel frame.
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FIGURE 6.13 Displacement response of elastic model. (a) Response of the first story, (b) response

of the second story, and (c) response of the third story.
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6.4 DISTRIBUTED ONLINE HYBRID TEST ON A
BASE-ISOLATED BUILDING

The proposed system was used to simulate the earthquake responses of an eight-

story base-isolated structure. The entire structure, including the superstructure

and the base-isolation layer, responds like a SDOF system, because the super-

structure is much stiffer than the base-isolation layer. In a very severe earth-

quake event, however, the base-isolation layer may undergo an extremely

large displacement, causing it to collide against the surrounding retaining walls.

Should this happen, the superstructure would sustain yielding and subsequent

damage. Such a response was chosen for the object of simulation.

6.4.1 Prototype Structure

This eight-story base-isolated structure chosen for this study was one actually

built in downtown Tokyo. One bay, shown in Fig. 6.16, including a planar

superstructure, a base-isolation layer with two isolators, and two pieces of

retaining walls, was taken as a model to be examined. The dynamics of this

structure is fairly simple and modeled as a 9-DOF system (including the

base-isolation layer).
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FIGURE 6.15 Hysteresis curve of stories of the two structures. (a) Hysteresis of first story,
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The superstructure is an eight-story, two-span steel moment frame, which

includes the foundation beams. Each story is 4 m high, and each bay is 9 m wide.

Dimensions of the cross-sections used for beams and columns of the superstruc-

ture are listed in Table 6.3. The elastic modulus of the steel material was

205.8 GPa; the yielding stress was 259 MPa. The superstructure was modeled

and numerically processed using ABAQUS. The base-isolation layer consists

of two high damping rubber bearings (HDRBs), the tops of which are fastened

at the bottom of the superstructure and the bottoms of which are fixed on the

ground, as shown in Fig. 6.16. The diameter of HDRB is 1000 mm and the height

is 600 mm. The total thickness of the rubber is 300 mm. The nominal horizontal

stiffness of HDRB is 1.05 kN/mm, and the nominal vertical stiffness is 3350 kN/

mm. Two retainingwalls, one on each side of the base-isolation layer, are present.

The tops of the retaining walls were aligned to the upper surface of the foundation

beams. The wall height is 3.5 m. The retaining wall has a thickness of 300 mm.

The clearance between the base-isolation layer and the retaining wall is 500 mm.

Not only the concrete wall but also the soil behind it should be taken into account

for the estimation of the reaction provided by the wall when the base-isolation

layer collided with the retaining wall. In reference to [13], in which a nonlinear

FEM analysis was conducted for the reinforced concrete wall with the soil, the

initial stiffness was set at 93.3 kN/mm and the yielding strength was 2250 kN.

The hysteretic behavior of HDRBs was considered difficult to model numeri-

cally. The restoring force behavior of the retainingwallswhen they collided against

the base-isolation layer was also considered to be complex. For these reasons, the

base-isolation layer and retaining walls were taken to be tested.
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FIGURE 6.16 Dimensions of eight-story base-isolated structure.
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6.4.2 Numerical Simulation of Superstructure

The superstructure was modeled in ABAQUS using the Euler-Bernoulli

beam elements. The columns and beams were divided into four and eight

elements, respectively, as shown in Fig. 6.17. The model had a total of

675 DOF, which was believed to ensure more accurate responses than a

story-by-story stick model commonly used in many previous substructure

online hybrid tests, particularly when the superstructure would sustain

inelastic action. Both the material and geometrical nonlinearities were con-

sidered. The steel material was taken to be bilinear following the kinematic

hardening rule, with the parameters defined in Section 6.4.1. The superstruc-

ture was initially gravity-loaded, and the final state of the gravity analysis

was taken to be the initial state of the earthquake response analysis. The tar-

get displacement assigned for each story (given by the analysis of the

dynamic model) was imposed as the forced displacement at all nodes belong-

ing to the story.

TABLE 6.3 Cross-sections of Beams, Columns, and Mass (Unit: mm, kg)

Story Side columns Middle column Beams Mass

8 □-800�600�33 H-600�300�
16�22

H-750�400�
19�36

180,000

7 □-800�600�33 H-600�300�
16�22

H-750�350�
16�36

108,000

6 □-800�600�36 H-600�300�
16�25

H-750�350�
16�36

108,000

5 □-800�600�36 H-600�300�
16�25

H-750�400�
16�36

108,000

4 □-800�600�36 H-600�300�
16�25

H-750�400�
16�36

108,000

3 □-800�600�39 H-600�300�
16�28

H-750�400�
19�40

108,000

2 □-900�700�42 H-600�300�
16�25

H-750�400�
19�40

108,000

1 □-900�700�42 H-600�300�
16�25

H-800�400�
19�40

108,000

Base H-1000�400
�19�40

108,000

‘□’ refers to a tube section.
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6.4.3 Specimen for Base-Isolation Layer

Because of limitations of space and capacity of the loading devices, the diam-

eters of the prototype base isolators were scaled down to one-fifth its size. The

tested HDRBs had a diameter of 200 mm, a height of 165 mm, and a total rubber

thickness of 85 mm. In reference to the displacement scale ratio of 1:5, a force

scale ratio of 1:25 should be adopted. The overall hysteresis looked very similar.

Discrepancy of the force, however, was notable between the prototype and

tested bearings because of the difference in the aspect ratio and material stiff-

ness between the prototype and specimen. In consideration of this difference, a

force scale ratio of 1:50 instead of 1:25 was adopted. This means that the dis-

placement imposed on the specimen was one-fifth of that calculated by the

dynamic model, and the force obtained from the specimen was enlarged by

50 times for the dynamic model.

The test setup and its overview are shown in Fig. 6.18. The two-scaled

HDRBs were securely fastened by high-tension bolts to the base beam at the

bottom and to an inverted “T-shaped” frame on the top. Two hydraulic jacks,

one horizontal and one vertical, were placed on the top of the loading frame. The

horizontal jack, controlled by the displacement, was used to push or pull the

specimen horizontally to the target displacement. The vertical jack was used

to supply a constant vertical force that represented gravity. Detailed measure-

ments (Fig. 6.18b) are given in Ref. [14] (see Chapter 4).

Beam elements for beams and columns

Pin Pin

FIGURE 6.17 Numerical model of superstructure by ABAQUS.
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6.4.4 Specimen for Retaining Walls

The retaining walls were scaled following the scale ratio adopted for the base-

isolation layer. The material properties of the concrete and soil were hard to

reproduce in a scaled model. In this study, the retaining wall was mimicked

by a cantilever steel column that had elastic stiffness and yield strength approx-

imately equal to 1/10 and 1/50 those of the original retaining wall and soil [13],

respectively. The cantilever steel column had a stiffness of 9.33 kN/mm, and a

yielding force of 45 kN. To match these values, a steel column with a wide-

Cantilever 

Specimen

Vertical jack

Horizontal jack

Loading frame

1544
m

m

Reaction frame

700
m

m
columns

(a)

(b)

Base beam

(c) (d)
FIGURE 6.18 Overview and details of specimen. (a) Loading system, (b) measurement of spec-

imen, (c) cantilever columns, and (d) contact with wall.
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flange cross-section (H300�150�9�6.5) and a height of 700 mmwas chosen

and set to resist about the weak axis.

Two cantilever steel columns (Fig. 6.18c) were placed on each side of the

loading frame. The gap between the cantilever column and the loading frame

was set at 100 mm, following the adopted scale ratio of 1:5 (500 mm for the

prototype building). At the height of 700 mm on each cantilever column, two

pairs of special components, whose details are shown in Fig. 6.18d, were

attached to ensure a point-surface contact between the base-isolation layer

(the loading frame) and the retaining wall (the cantilever column).

6.4.5 Test Environment Design

The test system is shown in Fig. 6.19. This system consists of two domains: i.e.,

the office domain and the laboratory domain, which correspond to the numer-

ical substructure and the experimental substructure, respectively. Two com-

puters are placed in the office domain: one is used for the ABAQUS

analysis, on which the FEM control program runs, and the other is used for data

exchange, on which Proxy runs. The laboratory domain included the specimen,

the loading frame, two jacks (one for horizontal loading and the other for ver-

tical loading), two pumps, two pump controllers, two computers (one for load-

ing control and the other for computation), one switch box, and one data logger.

The computer for computation ran the main control program. The computer for

control was used to transfer the target displacement or force and send it to the

pump controllers. It also received feedback data from the pump controllers.

Two pumps, controlled by the two pump controllers, were employed to supply

oil to the two jacks. The measured displacements and reaction forces from the

two jacks were fed back to both the pump controllers and the switch box.

Proxy computer

Computer for
ABAQUS analysis

LaboratoryLaboratory

Displacement
and loadComputer

for control

Displacement
and load

Displacement
and load

Computer for
computation

Pump controllersPump (1)

Pump (2)

Jack (1)

Jack (2)

Specimen

Digital 
displacement

and load signalDisplacement
and load
signal (1)

Displacement and
load signal (2)

Measured data
Digital data

Switch box

Data logger

OfficeOffice

FIGURE 6.19 Distributed environment for test and analysis.
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Through the switch box and data logger, the data were sent to the computer for

computation. Details can be found elsewhere [15].

6.4.6 Elastic Properties of Structure

The natural periods of the overall structure and the superstructure, 9-DOF and

8-DOF dynamic models, respectively, were examined. For the overall structure,

the post-yield stiffness of the base-isolation layer, 2.1 kN/mm, was adopted.

When collision of the base-isolation layer with the retaining wall was considered,

the stiffness of the base-isolation layer was the sum of the post-yield stiffness of

the base-isolation layer and the initial stiffness of the retaining wall. The first and

the highest periods of the overall structure with and without collision and of the

superstructure when the base-isolation layer was assumed to be fixed are listed

below. For the superstructure, the first period was 1.215 s, and the period of

the eighth mode was 0.049 s. The first and the highest periods of the entire struc-

ture without collision were 4.639 s and 0.050 s, respectively. When the base-

isolation layer collided with the retaining wall, the stiffness of the layer increased

significantly. The first and the highest periods were 1.404 s and 0.049 s, respec-

tively. For a given time interval, 0.01 s, the adopted explicit Newmark-β method

was found to ensure stable responses in accordance with Equation (6.4).

6.4.7 Pushover Analysis

Pushover analysis was carried out for the base-fixed superstructure to examine

the yield displacements and succeeding inelastic behavior. The FEM model

specified in Section 6.4.2 was used and analyzed by ABAQUS. A horizontal

force pattern prescribed in the Japanese seismic code for building structures

[16] was adopted. Figure 6.20 shows the results of pushover analysis. The
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FIGURE 6.20 Pushover results of superstructure.
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results were used to capture the overall damage with respect to the story drift.

Each story starts yielding at a story drift angle of about 0.005 rad, and develops

significant plasticity by the time the story drift angle reaches 0.01 rad.

6.4.8 Quasi-Static Test

To check the behavior of the specimen, especially at and after the contact with

the surrounding retaining walls, a static loading test on the base-isolation layer

was carried out prior to the online hybrid test. A cyclic loading history as shown

in Fig. 6.21 was adopted for the horizontal displacement. The obtained hyster-

esis curve is shown in Fig. 6.22. Since the gaps between the contact surfaces
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FIGURE 6.21 Loading history in quasi-static test.
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FIGURE 6.22 Hysteresis behavior of base-isolation layer obtained from quasi-static test.
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were 100 mm, collision did not take place until the horizontal loading reached

the fifth cycle, in which the displacement amplitude reached 125 mm. During

contact, the cantilever columns were pushed 25 mm from their original upright

position, but no significant plasticization occurred in the cantilever columns

(Fig. 6.22). Another two rounds of loading with an amplitude of 150 mm were

imposed on the specimen, and the cantilever columns exhibited significant non-

linearity. The curve shows a notable increase in the stiffness of the base isola-

tion after collision. The yielding stiffness of the HDRBs measured from the

curves was 0.114 kN/mm, and the initial stiffness of the cantilever column

was 8.8 kN/mm. The corresponding design values were 0.105 and 9.33 kN/

mm (the values after reduction in scale). Correlation between the test and design

values was found to be reasonable.

6.4.9 Earthquake Response Simulation

An earthquake response of the eight-story base-isolated structure was simulated

for15 sof the fault-normal component of theTakatori recordobtained in the1995

Hyogoka-Nanbu (Kobe) earthquake. The input motion was doubled to ensure

that the deformations of the base-isolation layer would be large enough that col-

lision would take place. Rayleigh damping was adopted for the superstructure

with damping ratios of 0.02 and 0.03 for the first and secondmodes, respectively.

The proposed system performed well during the entire period, without any

malfunction. The maximum story drift angles of the superstructure are shown

in Fig. 6.23. The figure also shows the maximum story drift angles in the

absence of a collision. The collisionless response was obtained numerically

by ABAQUS, in which the base-isolation layer was assumed to be bilinear.
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FIGURE 6.23 Maximum story drift angle in superstructure.
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The story drift angles did not exceed 0.01 rad if no collision occurred, even for a

ground motion twice as large as the original. When collision occurs, the story

drift angles become significantly larger than 0.01 rad. In reference to Fig. 6.20,

the beams sustained about two to four times the yield drift angle. Figure 6.24

shows the distribution of plastified ranges of beams at 6.37 s, at which the larg-

est deformation was obtained.

The displacement response of the base-isolation layer is shown in Fig. 6.25.

Collision took place three times, at 6.2 s in the positive direction and at 5.6 and

7.6 s in the negative direction. The corresponding hysteresis curves of the base-

isolation layer are plotted in Fig. 6.26. It reveals that at each collision, resistance

increases significantly. The cantilever column during collision in the positive

direction entered a plastic range and experienced a residual displacement of

10 mm after unloading, which enlarged the gap between the specimen and

the cantilever column. Because of this enlargement, further collision did not

take place in the positive direction. Collision occurred twice in the negative

direction, but the cantilever column behaved almost elastically.

6.4.10 Time Efficiency of Experiment

The time consumed in the test was examined. It took 7.8 h to simulate 15 s of the

earthquake response, with an integration interval of 0.01 s. The times exhausted

FIGURE 6.24 Yielding behavior of superstructure.
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by the experimental and numerical parts are shown in Fig. 6.27. The time used

by the physical test consists of the loading time (15,135 s) and time waiting for

ABAQUS analysis (12,928 s). The time consumed by the numerical analysis

included the time for the ABAQUS analysis module (24,274 s), the time for

feedback process module (0 s), the time for the technical delay (1500 s), and

the time waiting for the test (2286 s). Since the physical test and the numerical

analysis ran simultaneously, the times used by the two parts were the same. The

time consumed by dynamic analysis was negligible (0 s as shown in Fig. 6.27)

since the equations of motion for small DOFs were solved. The time used for the
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FIGURE 6.26 Hysteresis behavior of base-isolation layer.
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technical delay was set to take 1 s for each step, and therefore 1500 s were con-

sumed in total. This was 5% of the time used in the entire simulation.

The time consumed by the ABAQUS analysis with respect to the time step is

plotted in Fig. 6.28. The time used by ABAQUS analysis increases over time,

because the restart analysis required more time to read the data from all of the

previous steps up to the current step. The loading time was rather irregular,

because it depended on the displacement increment in each step. In reference

to Fig. 6.28, it took about 10 s on average for one loading step.

12928

0

2286

1500

24,274

0

15,135

1. Dynamic analysis 2. Wait for experiment 3. ABAQUS analysis

4. Technical delay 5. Feedback process 6. Loading

7. Wait for ABAQUS

1 2

3

4
5

6

7

FIGURE 6.27 Time consumption of test and numerical analysis.
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6.5 CONCLUSIONS

This chapter presented a substructure online hybrid test into which a general-

purpose FEM program is incorporated. This test uses the separated-model

framework, in which two models are setup for the dynamics and the static

behavior of one structure, respectively. Such a program is powerful and versa-

tile in increasing the modeling accuracy for the numerical portion, thus enhanc-

ing the applicability of the substructure online hybrid test. The decisive

challenge in this new development is how to combine the test with a FEM pro-

gram in which modifications of the source code are strictly prohibited. The pro-

posed framework was demonstrated by an eight-story base-isolated structure

considering the collision effect with the surrounding retaining walls. The fol-

lowing conclusions can be found from the studies for the proposed distributed

online hybrid test system:

(1) In many structures, the structural dynamics can be represented by a fewer

DOF than the structural static hysteresis. The static behavior of the struc-

ture is simulated by sophisticated FEM models and test specimens. There-

fore, the models with different sophistication can be adopted for dynamics

and static behavior, respectively. This separation makes the substructure

online hybrid test system more versatile.

(2) The explicit Newmark method is not necessarily the only time integration

algorithm that can be used for this system. Any time integration algorithm

can be adopted. Implementation for the other time integration algorithm,

such as implicit algorithms, may have hardware requirement. In this study,

the explicit Newmark method is adopted only because of its simplicity.

(3) The high-speed data exchange scheme using a socket mechanism based on

TCP/IP protocol is demonstrated to be stable and fast. In this study, transfer

of data requires almost no time.

(4) The standard I/O scheme is employed for the incorporation of general-

purpose FEM programs. There is no need to modify the source code of

these programs, thus the system can be easily implanted for structural lab-

oratories having different analytical tools. The key component in the use of

the standard I/O only is the repeated adoption of the restart capacity offered

as a standard procedure by many FEM programs.

(5) The time required for each step of the FEM analysis increased almost lin-

early over time, because of the longer overhead time needed for restarting

with an increasing number of previous steps. A total of 7.8 h were needed

to complete the test. Out of the total hours, the time needed was 4.2 h for

the physical test (i.e., loading), and 6.7 h for the numerical analysis (includ-

ing I/O). The loading and numerical analyses ran in parallel. The test was

made quasi-statically; hence the overhead time associated with restarting

was not a serious drawback in terms of the time efficiency.

(6) The response of the superstructure would increase greatly after collision

takes place.
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(7) The plastification is limited mainly in lower several stories, and amplifica-

tion of the displacement responses decrease with the height.

(8) The collision effect would lessen in subsequent collisions, because the gap

between the base-isolation layer and surrounding retaining wall would

increase by previous collisions.

(9) Although the ground motion was enlarged by two times a very large motion

recorded in the 1995 Kobe earthquake, collision occurred only for three

times, meaning that the gap commonly adopted in Japanese design law

of 500-600 mm, is generally sufficient.

REFERENCES

[1] Pinto AV, Pegon P, Magonette G, Tsionis G. Pseudo-dynamic testing of bridges using non-

linear substructuring. Earthq Eng Struct Dyn 2004;33:1125–46.

[2] Pan P, Tada M, Nakashima M. Online hybrid test by internet linkage of distributed test and

analysis domains. Earthq Eng Struct Dyn 2005;34:1407–25.

[3] Takahashi Y, Fenves GL. Software framework for distributed experimental-computational

simulation of structural systems. Earthq Eng Struct Dyn 2006;35:267–91.

[4] ABAQUS version 6.4 documentation. USA: ABAQUS, Inc.; 2003.

[5] Wang T, Pan P, Nakashima M. Online hybrid test combining with general-purpose finite ele-

ment software. J Earthq Eng Struct Dyn 2006;35:1471–88.

[6] Newmark NM. A method of computation for structural dynamics. J Am Soc Civ Eng ASCE

1959;85:67–94.

[7] Nakashima M. Part 1: Relationship between integration time interval and response stability in

pseudo dynamic testing. J Struct Constr Eng 1985;353:29–36.

[8] National Science Foundation. Network for earthquake engineering simulation (NEES): con-

sortium development, program solicitation. Report NSC01-56, USA: National Science Foun-

dation; 2001.

[9] SnirM, Otto S, Huss-Lederman S,Walker D, Dongarra J. 2nd ed. MPI: the complete reference,

vol. 1. Cambridge, MA: The MIT Press; 1998.

[10] Kernighan BW, Pike R. The UNIX programming environment. Englewood Cliffs, NJ: Pren-

tice-Hall; 1984.

[11] Pan P, Tomofuji H, Wang T, Nakashima M, Ohsaki M, Mosalam KM. Development of peer-

to-peer (P2P) internet online hybrid test system. J Earthq Eng Struct Dyn 2006;35(7):867–90.

[12] Kanao I, Nakashima M, Takehara S. Braced frame model considering buckling and fracture

and its responses under near-fault strong motions. J Struct Constr Eng 2004;577:117–22

[in Japanese].

[13] Kashiwa H, Nakayasu N, NakashimaM. Response and damage of base-isolated buildings sub-

jected to very large earthquakes. J Struct Eng 2005;51B:237–46 [in Japanese].

[14] Pan P, Nakashima M, Tomofuji H. Online hybrid test using displacement-force mixed control.

Earthq Eng Struct Dyn 2005;34:869–88.

[15] Nakashima M, Akazawa T, Igarashi H. Pseudo-dynamic testing using conventional testing

devices. Earthq Eng Struct Dyn 1995;24:1409–22.

[16] The Building Center of Japan. The building standard law of Japan. Tokyo, Japan, 2000.

Separated-Model Framework Chapter 6 129

http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0010
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0010
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0015
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0015
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0020
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0020
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0025
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0030
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0030
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0035
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0035
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0040
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0040
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0045
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0045
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0045
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0050
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0050
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0055
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0055
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0060
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0060
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0065
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0065
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0065
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0070
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0070
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0075
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0075
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0080
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0080
http://refhub.elsevier.com/B978-0-12-803378-4.00006-6/rf0085


Chapter 7

An Internet Online Hybrid Test
Using Peer-to-Peer Framework

Chapter Outline

7.1 Introduction 131

7.2 Development of P2P

Framework 133

7.2.1 Design of P2P Framework 133

7.2.2 Iteration by Quasi-

Newton Method 135

7.2.3 P2P Internet Online

Hybrid Test Scheme 138

7.2.4 Incorporation of General-

Purpose FEM Program 141

7.3 Verification Test of Base-

Isolated Structure 142

7.3.1 Structure Model and

Substructuring 142

7.3.2 Internet Online Hybrid

Test Environment 145

7.3.3 Test Setup and Test

Specimen 146

7.3.4 Test Results 147

7.4 Convergence Criteria on P2P

Internet Online Hybrid Test

System Involving Structural

Nonlinearities 151

7.4.1 Introduction 151

7.4.2 Investigation of

Convergence Criteria

and Tolerance 153

7.4.3 Examination on Type of

Divisions into

Substructures 159

7.4.4 Number of DOF on

Boundaries 160

7.4.5 Investigation on Initial

Stiffness 162

7.4.6 Summary 163

7.5 Numerical Characteristics of

P2P Predictor-Corrector

Procedure 164

7.5.1 Introduction 164

7.5.2 Recursive Matrix of Two-

Round Quasi-Newton

Test Scheme 165

7.5.3 Stability Characteristics 167

7.5.4 Accuracy Characteristics 167

7.6 Conclusions 169

References 171

7.1 INTRODUCTION

The concept of the substructural online hybrid test has been applied by many

researchers, with notable developments and applications [1–13]. Despite wide

variation of details, most of those substructural online hybrid tests formulate
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and solve the equations of motion for the entire structure and conduct the anal-

ysis and tests at the same location.

It is appealing to conduct tests in multiple locations, exchange necessary

data over the Internet, and simulate the earthquake response of a very large

structural system so that such a test environment will significantly increase

the capacity of the substructural online hybrid test. The concept of an “Internet

online hybrid test” (see Chapter 5) has been addressed over recent years [14–

16], and a few real applications have been reported [17–21]. To fully take the

advantage of “Internet testing” or “distributed testing,” it is important to stan-

dardize and simplify the interfaces of diverse subsystems so that they can be

effectively incorporated into an integrated Internet test system. Such standard-

ization and simplification also require the subsystems to be highly encapsulated.

It is appealing to incorporate an existing finite element (FEM) program that

has been developed for numerical analyses into the online hybrid test system to

increase the versatility of online hybrid tests, particularly the accuracy of the

behavior of the computed part (see Chapter 6). One of the solutions is to modify

the source code to adjust it to the online test system [22,23] (see Chapter 5).

However, this is difficult, because the program is commonly so complex that

modification of the source code involves huge efforts and needs special exper-

tise. Furthermore, most commercial FEM programs are copyright-protected,

and modifications to the source code have to resolve legal issues. It would

be much more effective if a highly encapsulated FEM program could be incor-

porated into the online test system as a black box, accessible only through stan-

dard input and output (I/O).

It is also appealing for the equations of motion to be formulated indepen-

dently for each substructure and solved in parallel. Parallel computing is known

to increase capacity and efficiency significantly for computation of large

systems.

To this end, a new Internet online hybrid test system, a “peer-to-peer (P2P)

Internet online hybrid test system,” is proposed. In the system, the simulated

structure is divided into multiple substructures, all substructures are equally

treated, and each substructure is analyzed or tested in a subsystem. The equa-

tions of motion are not formulated for the entire structure but for each

substructure separately. Substructures are treated as highly encapsulated

and independent systems, and only a standard I/O is used to exchange data

on the displacements and forces at the boundaries. This enables the handy

incorporation of existing FEM programs. A program called “Coordinator,”

equipped with an iterative algorithm based on quasi-Newton iterations, is

developed to achieve compatibility and equilibrium at the boundaries, and

a test procedure featuring two rounds of quasi-Newton iterations is adopted

to avoid iteration for the substructure being tested physically. A fast and stable

solution using a socket mechanism is developed for data exchange over

the Internet (see Chapter 6), and an Internet hybrid test environment is

constructed.
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This chapter consists of three portions. The first describes the details about

the design and implementation of the system. Then, the applicability and effec-

tiveness of the proposed system are validated by an earthquake response sim-

ulation of a base-isolated structure. In conclusion, the convergence of the P2P

Internet online hybrid test system involving structural nonlinearities is

investigated.

7.2 DEVELOPMENT OF P2P FRAMEWORK

7.2.1 Design of P2P Framework

As shown in Fig. 7.1, the simulated structure is divided into several substruc-

tures. Unlike the conventional online hybrid test system, the P2P Internet online

hybrid test system treats all substructures equally as independent subsystems,

regardless of their being tested or analyzed. The equations of motion are not

formulated for the entire structure but for each substructure separately. Interac-

tions among substructures are considered so that compatibility and equilibrium

are satisfied at the boundaries. The details of the procedure are given below.

Figure 7.2 shows a case in which the simulated structure is divided into two

substructures. One substructure called the “Analysis Substructure” is analyzed

numerically, and the other named “Test Substructure” is tested physically.

A program called “Coordinator” is developed to satisfy equilibrium and com-

patibility at the boundaries between the two substructures. First, Coordinator

determines the displacements at the boundary and sends the displacements to

the two substructures. The boundary displacements are taken to be identical

in the two substructures so that comparability is satisfied all the time. For

the analysis substructure, the boundary displacements are taken as the external

load, and the reaction forces at the boundary are calculated by solving the

Substructure A Substructure C

Substructure B Substructure D

Force

Disp
lace

mentCoordination and
communication

FIGURE 7.1 Concept of substructuring technique.
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equations of motion. For the tested substructure, the boundary displacements

are imposed on the test specimen, and the reaction forces are measured directly.

These reaction forces at the boundary are sent to Coordinator, and Coordinator

checks the equilibrium at the boundary. If the equilibrium is satisfied, simula-

tion of the current step is completed. Otherwise, Coordinator specifies new

boundary displacements in reference to the unbalanced forces and repeats the

above procedure until the boundary equilibrium is satisfied.

In the above procedure, the equations of motion are not formulated for the

entire structure but for respective substructures separately. This ensures

the independence of respective substructures. In each substructure, only the

boundary displacements and corresponding reaction forces are treated as I/O

interfaces, while the rest is encapsulated within the substructure. Such encapsu-

lation makes it feasible to take the substructure as a black box and use existing

analysis tools [24]. Two issues have to be resolved to realize the system:

(1) Coordinator should be able to determine and modify the boundary displace-

ments. This involves trials and errors, and an effective iterative procedure has to

be employed; (2) trial and error is acceptable for numerical simulation

but prohibitive in physical tests. A way to overcome this dilemma should be

devised. Solutions for the two issues are described below.

Send Data

Determine Boundary Displacement

Receive DataReceive Data

Run Analysis Load and measure

Receive DataSend Data Send Data

Check Boundary Equilibrium

Yes

Wait

Next Incremental
Step

No

Return to 
Start

Start

Boundary displacement Boundary displacement

Reaction force Reaction force

Wait Wait

Analysis substructure Test substructure

Coordinator

FIGURE 7.2 System design.

134 Development of Online Hybrid Testing



7.2.2 Iteration by Quasi-Newton Method

Suppose that the simulated structure is divided into two substructures as shown

in Fig. 7.3. In each substructure, the nodal displacements and forces are divided

into the interior (within the substructure) and exterior (at boundaries) parts,

represented by subscript “in” and “ex.” Symbols, “d,” “F,” and “R,” represent
displacements, forces, and reaction forces, respectively, and “1” and “2” repre-

sent Substructures 1 and 2. The equilibrium equations for each substructure are

as follows:

kIIi
� �

kIEi
� �

kEIi
� �

kEEi
� �" #

dini
� �
dexi
� �( )

¼ Fin
i

� �
Rif g

( )
(7.1)

Equation (7.1) yields:

Rif g¼ kEIi
� �

kIIi
� ��1

Fin
i

� �þ kEEi
� �� kEIi

� �
kIIi
� ��1

kIEi
� �� �

dexi
� �

(7.2)

where i=1 and 2 are for Substructures 1 and 2, respectively. To satisfy the com-

patibility and equilibrium:

1
ex

d
2
exdin

1
d

in
2

d

in
1

F
exF

in
2

F
1R

2R

Substructure 1 Substructure 2

FIGURE 7.3 Outline of substructuring.
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dex1
� �¼ dex2

� �¼ dexf g (7.3)

R1f gþ R2f g¼ Fexf g (7.4)

Equations (7.2)–(7.4) yield:

kEE1
� �þ kEE2

� �� kEI1
� �

kII1
� ��1

kIE1
� �� kEI2

� �
kII2
� ��1

kIE2
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dexf g
¼ Fexf g� kEI1

� �
kII1
� ��1

Fin
1

� �� kEI2
� �

kII2
� ��1

Fin
2

� �
(7.5)

According to Equation (7.5), dex can be solved directly if all stiffness matri-

ces are known. However, the P2P Internet online hybrid test system does not

require the formulation of the stiffness matrices but only accepts the standard

I/O, i.e., the displacement and forces at the boundaries. The following procedure

was devised to overcome it.

A family of quasi-Newton methods has been developed for optimization and

also for iteration in the solution of nonlinear systems [25,26]. These methods

involve updating the coefficient matrix (or rather its inverse) to provide a secant

approximation of the matrix. Among the family of quasi-Newton methods

available, four updates are commonly used because of their advantages of

global and superlinear convergence for linear problems and local and super-

linear convergence for nonlinear problems. The four updates are Boryden’s

1965 update for nonlinear equations, Powell’s symmetric form of Broyden’s

update, the Davidon-Fletcher-Powell update, and the Broyden-Fletcher-

Goldfarb-Shanno (BFGS) update [27]. BFGS update [28] is adopted in this

study as the most popular among them. The BFGS method adopts the following

procedure (Fig. 7.4):

Suppose that the equilibrium equations are given as

K½ � df g� Pf g¼ 0 (7.6)

FIGURE 7.4 Quasi-Newton method.
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where [K] is the stiffness matrix and {d} is the displacement vector. Define the

unbalanced force vector {Ψ} as

Ψf g¼ Pf g� K½ � df g (7.7)

In each step of simulation (from step n+1 in this example), the equilibrium

equations are solved in an incremental form:

ΔΨ i
nþ1

� �¼ Ψ i
nþ1

� �� Ψ i�1
nþ1

� �
(7.8)

Δdinþ1
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� �� di�1
nþ1

� �
(7.9)

The stiffness matrix is formulated only in the first step. To simplify the

formulation, the inverse stiffness matrix is used. In the iteration (i�1)

to (i), the BFGS method updates its inverse stiffness matrix Ki�1
nþ1

� ��1
to

Ki
nþ1

� ��1
as

Ki
nþ1

� ��1 ¼ I½ �� Δdinþ1
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and update the displacement vector dinþ1

� �
to diþ1

nþ1

� �
as

Δdiþ1
nþ1

� �¼ Ki
nþ1

� ��1
Ψ i

nþ1

� �
(7.11)

diþ1
nþ1

� �¼ dinþ1

� �þ Δdiþ1
nþ1

� �
(7.12)

Iteration terminates when the convergence condition is satisfied. The con-

vergence condition is specified with TOL (a small number such as 0.001) as a

convergence tolerance:

Δdiþ1
nþ1

� �T
Ψ i

nþ1

� ��TOL Δdinþ1

� �T
Ψ i�1

nþ1

� �
(7.13)

The quasi-Newton method gradually builds up an approximate secant stiff-

ness matrix using the gradient information supplied by previous iterations, so

that it is able to find the point of equilibrium without the knowledge of tangen-

tial stiffness matrix at any single point. This advantage makes it very suitable for

this study.

Back to the P2P Internet online hybrid test system and focusing on

Equation (7.5):

K¼ kEE1
� �þ kEE2

� �� kEI1
� �

kII1
� ��1

kIE1
� �� kEI2

� �
kII2
� ��1
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� �

(7.14)

P¼ Fexf g� kEI1
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2
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the equilibrium equations at the boundaries are given as

K½ � dexf g� Pf g¼ 0 (7.16)

the unbalanced force {Ψ} is

Ψf g¼ Pf g� K½ � dexf g¼ Fexf g� R1f gþ R2f gð Þ (7.17)

Comparing Equations (7.16) and (7.17) with Equations (7.6) and (7.7), we

find that the quasi-Newton iterative procedure is applicable to the iterative solu-

tion for the boundary equilibrium in the P2P Internet online hybrid test system.

Note that the above formulation is for a static equilibrium. It is equally appli-

cable to a dynamic equilibrium if the associated equations of motion are

described in the form of effective static equations.

7.2.3 P2P Internet Online Hybrid Test Scheme

The quasi-Newton method involves iterations, whereas physical loading does

not accept iteration because of the path-dependence [16]. To solve this

dilemma, the following treatment is adopted in the P2P online hybrid test sys-

tem. In each step of simulation, only a single physical loading is conducted.

During the iterations within a single step of analysis, the test substructure is

assumed to respond elastically, and the incremental force is taken to be the elas-

tic stiffness, which is estimated prior to the test, multiplied by the incremental

displacement (Fig. 7.5). In the single step of simulation, two rounds of quasi-

Newton iteration are employed for the overall structure. The first round is to

find the correct boundary displacements with respect to the assumed elastic

Unbalanced force

Displacement

Force

FIGURE 7.5 Compensation scheme for physically tested part.
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stiffness of the tested substructure. The second round is to compensate the

unbalanced forces at the boundary between the tested and numerically analyzed

substructure, given as a result of the elastic assumption. The procedure consists

of the following steps (Fig. 7.6):

(1) Estimate the initial stiffness matrix [KI], associated with the degrees of

freedom (DOFs) at the boundaries. This is defined as

KI
� �¼ kEE1

� �þ kEE2
� �� kEI1

� �
kII1
� ��1

kIE1
� �� kEI2

� �
kII2
� ��1

kIE2
� �

(7.18)

The initial stiffness matrix is needed particularly for starting the quasi-

Newton iteration, but it does not have to be completely precise. The

method for estimation adopted in this study is first to construct a matrix

having the dimension equal to the number of DOFs at the boundaries, sec-

ond to estimate the diagonal terms of the matrix by applying a unit dis-

placement for each DOF, and third to assign zeros to the rest of the

terms of the matrix. This step is conducted only in the very beginning

of the simulation.

l
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FIGURE 7.6 P2P Internet online hybrid test algorithm.
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(2) Predict the displacement vector at the boundaries.

ednþ1

n o
¼ dnf gþΔt vnf gþΔt2

4
anf g (7.19)

At the beginning of the iteration, a set of trial boundary displacements

needs to be determined. One way is to use the displacements obtained

from the previous step. In this study, a set of displacements expressed

by Equation (7.19) is used. These are the predictor displacements used

in prediction-correction methods, and they are expected to be closer to

the true displacements in the next steps, hence reducing the number of

iterations.

(3) Apply the predicted boundary displacements to the associated substruc-

tures as externally applied forced displacements, and obtain the corre-

sponding reaction forces at the boundaries eRnþ1

n o
.

(4) Calculate the unbalanced force vector eΨ i

nþ1

n o
at the boundaries from the

reaction forces and external forces. Here i indicates ith iteration.

(5) Update the stiffness matrix using the BFGS procedure:
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(6) Update the boundary displacement vector:

Δed iþ1

nþ1

n o
¼ Ki

nþ1

� ��1 eΨ i

nþ1

n o
(7.21)

(7) Repeat Steps (3)-(6) with the new predictor displacement vector until the

convergence is attained:

�dnþ1

� �¼ ednþ1

n o
þ
X
i

Δediþ1

nþ1

n o
(7.22)

(8) Calculate the total predicator displacement vector, load the tested sub-

structure to the associated predictor displacements, measure the reaction

forces, and update the reaction force vector from eRnþ1

n o
to �Rnþ1f g.

(9) Refresh the unbalanced force vector Ψ
k

nþ1

n o
based on the new reaction

forces and external forces at the boundaries. Here k indicates that itera-

tions in Steps (3)-(6) are carried out k times. At Step (7), the unbalanced
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forces disappear once following the execution of quasi-Newton iterations,

but Ψ
k

nþ1

n o
become nonzero again because of the nonlinearity of the

tested substructure (Fig. 7.5). This generates new unbalanced forces.

The unbalanced forces are corrected in Steps (10)-(12).

(10) Refresh the boundary displacement vector based on the new unbalanced

forces and update the stiffness matrix Kk
nþ1

� �
obtained at Step (7):

Δ�d
jþ1

nþ1

n o
¼ Kj

nþ1

h i�1

Ψ
j
nþ1

n o
(7.23)

(11) Apply the boundary displacements to the corresponding substructures as

externally applied forced displacements, and calculate the corresponding

reaction forces. For the tested substructure, the reaction forces are calcu-

lated again using the elastic stiffness:

�Rnþ1 ¼ �Rnþ1þ KI
� �

Δ�d
jþ1

nþ1 (7.24)

(12) Update the stiffness matrix again using the BFGS procedure:

Kjþ1
nþ1

h i�1

¼ I½ ��
Δ�d

jþ1

nþ1

n o
ΔΨ jþ1

nþ1

n oT

Δ�d
jþ1

nþ1

n oT
ΔΨ jþ1

nþ1

n o
0B@

1CA Kj
nþ1

h i�1

I½ ��
ΔΨ jþ1

nþ1

n o
Δ�d

jþ1

nþ1

n oT

Δ�d
jþ1

nþ1

n oT
ΔΨ jþ1

nþ1

n o
0B@

1CA
þ

Δ�d
jþ1

nþ1

n o
Δ�d

jþ1

nþ1

n oT

Δ�d
jþ1

nþ1

n oT
ΔΨ jþ1

nþ1

n o
(7.25)

(13) Repeat Steps (10)-(12) until the convergence condition is satisfied, and

obtain the final displacement vector:

dnþ1f g¼ �dnþ1

� �þX
j

Δ�d
jþ1

nþ1

n o
(7.26)

(14) Continue to the next step of simulation.

7.2.4 Incorporation of General-Purpose FEM Program

In this system, encapsulation of numerical substructures makes it feasible to

take each substructure as a black box and use an existing FEM code. The

key for this application is the restart capability [29,30]. Suppose the equilibrium

state of the (n�1)th step analysis has already been achieved. In the nth step

analysis, each numerical substructure first accepts one trial displacement set

(dn
1) from Coordinator and take the displacements as the boundary. Then, the

analysis of this substructure restarts from the final state of the previous step,

and the corresponding reactional force is calculated. This restart is called
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“iterative restart,” as shown by dashed lines in Fig. 7.7. The reactional force is

then sent back to Coordinator, but may not satisfy equilibrium. Coordinator

generates the next trial displacement set (dn
2). The “iterative restart” is carried

out for each substructure correspondingly, until the equilibrium at the bound-

aries is satisfied, and the final state of the current step is achieved. The last “iter-

ative restart” with trial displacement set dn
k calculates the final state of each

substructure and provides information (dn, vn, an) for the next step analysis.

Therefore, it is a successive procedure and called the “step-wise restart,” as

shown by solid lines in Fig. 7.7.

7.3 VERIFICATION TEST OF BASE-ISOLATED STRUCTURE

7.3.1 Structure Model and Substructuring

The earthquake responses of a base-isolated structure subjected to ground

motions were simulated using the proposed P2P online hybrid test system.

The example structure, which resembles a base-isolated structure constructed

in downtown Tokyo, is shown in Fig. 7.8a. It is an eight-story and two-span by

six-span steel moment frame isolated by high damping rubber bearings
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n
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n
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n
dd 1+n
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FIGURE 7.7 Restart capability of general-purpose finite element program.
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FIGURE 7.8 Base-isolated structure model: (a) basic dimensions; (b) division into substructures.
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(HDRBs). In the simulation, it was treated as a planar structure. As shown in

Fig. 7.8b, the substructuring technique is employed, and the entire structure is

divided into three substructures, i.e., Substructures A, B, and C. Substructures

A and B, which formed the superstructure (the steel moment frame), were

assigned as the computed parts, and Substructure C, which was the base-

isolation layer (consisting of two HDRBs), was assigned as the tested part.

Here the superstructure was intentionally divided into two substructures to

demonstrate the capacity of the P2P online hybrid test system to handle mul-

tiple computed substructures in a parallel mode, which is expected to increase

the speed of the system particularly when the computed substructures are

complicated. The superstructure was modeled as a linear spring-mass system,

with one mass per floor and one spring per story, and analyzed as Substruc-

tures A and B. The base-isolation layer was modeled as a single degree of free-

dom (SDOF) system with a mass and a spring, and tested as Substructure C.

The fundamental periods of the entire structure in the base-fixed condition and

base-isolated condition (with respect to the stiffness of the base-isolation layer

that corresponded to a 150% strain in the rubber) were 1.26 s and 3.76 s,

respectively. Details on the mass and stiffness properties assigned to the struc-

ture and the properties of the base-isolation layer are given elsewhere [31] (see

Chapter 4).

The equations of motion were not formulated for the overall base-isolated

structure but formulated and solved for each substructure. Substructures A

and B were analyzed and Substructure C was tested. The Newmark-β method

with β=1/4 and γ=1/2 was adopted for solving the equations of motion of each

substructure as shown in Equations (7.27)–(7.30). Equation (7.27) indicates the

basic equations of motion. This equation is further rewritten as Equation (7.28)

using equivalent stiffness �K½ � and forces �f½ �, which are given in Equations (7.29)
and (7.30), respectively. In the equations, [K], [M], and [C] are the stiffness

matrix, mass matrix, and damping matrix, and {d}, {v}, {a} are the displace-

ment, velocity, acceleration vector, with all quantities defined for each

substructure.

M½ � af gnþ1þ C½ � vf gnþ1þ K½ � df gnþ1 ¼� M½ � 1f g€ug (7.27)

�K½ � df gnþ1 ¼ �f
� �

nþ1
(7.28)

�K½ � ¼ K½ �þ γ

βΔt
C½ �þ 1

βΔt2
M½ � (7.29)

�f
� �

nþ1
¼� M½ � 1f g€ugþ C½ � γ

βΔt
df gnþ

γ

β
�1

� 	
vf gnþΔt

γ

2β
�1

� 	
af gn


 �
þ M½ � 1

βΔt2
df gnþ

1

βΔt
vf gnþ

1

2β
�1

� 	
af gn


 �
(7.30)
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In reference to Fig. 7.9, Substructure A (consisting of massesM6 toMR and

springs of K6 to K8), Substructure B (consisting of massesM2 toM5 and springs

of K1 to K5), and Substructure C (consisting of a mass M1 and a spring of KB)

were analyzed or tested separately. In this study, the superstructure including

Substructures A and B were assumed to respond elastically, and viscous damp-

ing was neglected in all substructures.

Substructure A is a 4-DOF system, Substructure B is a 6-DOF system, and

Substructure C, which represents the base-isolation layer, is a SDOF system.

The equations of motion are solved in a static form using the equivalent stiffness

and forces (refer to Equations 7.29 and 7.30). Equation (7.31) has to be satisfied

to guarantee the compatibility at boundaries:

dE1
dE2


 �
¼ d1

d6


 �
(7.31)

Equation (7.32) is to satisfy the equilibrium at the boundaries:

KEΔdE ¼Ψ ¼ � R1þR0
1

� 

� R2þR0

2

� 

 �
¼ 0 (7.32)

Note that the external force is zero in this particular example. Displacements

d1
E and d2

E were applied to the corresponding substructures in reference to

Equation (7.31), the reaction forces R1, R2, R1
0
, and R2

0
were computed or mea-

sured from the corresponding substructures, and Equation (7.32) was used to

check the equilibrium at the boundaries. The Coordinator program was in

charge of these tasks. In this particular application of the P2P Internet online

hybrid test system, the Coordinator program was implemented in the subsystem

that operated the physical test of Substructure C. Accordingly, data exchange

over the Internet between the Coordinator program and Substructure C was

not needed.
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FIGURE 7.9 Scheme of substructuring.
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7.3.2 Internet Online Hybrid Test Environment

Figure 7.10 shows the P2P Internet online hybrid test environment developed

at Kyoto University in Japan. Substructures A and B were numerically simu-

lated by two separate PCs placed in a students’ office. The Internet connection

of the students’ office belongs to a network in the Kyoto University Network

named KUINS III. KUINS III features high speed and high security, with a

strict firewall directly managed by the University. Substructure C was tested

physically by an online testing system in a test laboratory. The Coordinator

program was also run in the laboratory. The Internet connection of the labo-

ratory also belongs to KUINS III. The Internet connection of the students’

office and that of the laboratory, however, belong to different subnets. Direct

connection is strictly prohibited between subnets within KUINS III. Because

of the firewall, data exchange through proxy, as described before, was

adopted. A proxy program was installed in a computer placed in another

office, whose Internet connection belongs to another type of Kyoto University

Network named KUINS II. KUINS II is not administered by the university but

by individual researchers. The computer connected to KUINS II was config-

ured to accept TCP/IP connections from KUINS III subnets through specific

ports. The proxy program set up TCP/IP connections with the analysis pro-

grams of substructures A and B, and the program that operates Coordinator

and the physical test of Substructure C. The proxy program forwards the

boundary displacements from Coordinator to Substructures B and C, and

passes the forces from Substructure B and C to Coordinator. Information

about displacements and forces is an encoded byte stream when passing the

proxy program, and the proxy program does not decode the byte stream,

Coordinator
and test

Hydraulic
pump

Pump
controller

PC for
control

PC for
calculation

Boundary
forces

Boundary
displs.

Proxy

Professors’ office
(KUINS III)

Students’ office
(KUINS III)

Analysis

Specimen

Hydraulic
jack

Hydraulic
jack

Laboratory
(KUINS III)

FIGURE 7.10 Internet online hybrid test environment.
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for time efficiency. Note that data exchange between Coordinator and Sub-

structure C was not needed since they were run in the same computer.

The online loading system includes two quasi-static loading jacks, two

hydraulic pump systems, two pump controllers, and two PCs, i.e., “PC for con-

trol” and “PC for operation.” “Coordinator” and test control programs were

installed in “PC for operation.” “PC for operation” was connected to “PC for

control,” which supervised and controlled the loading facilities such as jacks

and controllers. The online loading system was used successfully for several

online hybrid tests [31–33].

7.3.3 Test Setup and Test Specimen

The test setup, shown in Fig. 7.11a and b, includes the loading frame, two jacks

(one for horizontal loading and the other for vertical loading), and the test spec-

imen. The test specimen featured two identical HDRBs securely fastened by

high-tension bolts to the base steel beam at the bottom and to an inverted

T-shaped loading frame at the top. The base steel beam was tied down to the

loading frame, and the two jacks were attached at the top of the inverted

T-shaped loading frame. Both the base steel beam and the T-shaped loading

frame were designed to be rigid enough relative to the rubber bearings. Dimen-

sion and measurement details are given by Pan et al. [31]. The vertical jack

applied to the rubber bearings was a constant vertical force equal to the gravity,

and the horizontal jack was displacement-controlled in accordance with the

displacement demanded by the online test.

Although only the horizontal interaction between the superstructure and

base-isolation layer was considered explicitly in the model, the effects of over-

turning moment on the base-isolation layer were partially included in the phys-

ical test. This is because, in the loading system used in the test, the horizontal

jack through the inverted T-shaped loading frame applied overturning moment

automatically in addition to the horizontal force. This corresponded to the

Horizontal jack

Vertical
jack

Specimen

(a) (b)
FIGURE 7.11 Test setup: (a) test specimen and loading frame, (b) view of test setup.
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assumption that the location of the center of horizontal forces applied to the

superstructure remained unchanged.

Scale ratios of 1:4 and 1:40 were adopted for the horizontal displacement

and horizontal force, respectively, based on comparison of the cross-sectional

area, the total rubber thickness, the shape factors, and the rubber’s shear mod-

ulus between the prototype HDRBs and the tested HDRBs. In other words, one-

fourth of the displacement predicted by solving the equations of motion of the

base-isolated structure was applied to the test specimen, and the force measured

by the test specimen was increased by 40 times when inserted into the solution

of the equations of motion.

7.3.4 Test Results

A physical Internet online hybrid test was carried out to demonstrate the effec-

tiveness of the P2P Internet online hybrid test system. To calibrate the accuracy

of the test results, a physical online hybrid test using the conventional substruc-

turing technique was also conducted. In the conventional online hybrid test, the

elastic superstructure was simulated numerically, the base-isolation layer was

tested physically, and the equations of motion were formulated and solved

for the entire structure by a single program having an operator splitting integra-

tion method [34,35]. The initial stiffness of the specimen is 5.25 kN/mm, which

was measured prior to the test. The fault-normal component of the JMA Kobe

record [36] was used for both tests, and the integration time interval was taken to

be 0.01 s. Both tests were conducted successfully, and the test results are shown

in Fig. 7.12.

The horizontal force versus displacement curves and displacement time his-

tories of the base-isolation layer are plotted in Fig. 7.12a and b. The solid lines

represent the results obtained from the online hybrid test using the conventional

substructuring technique, and the dashed lines are the results obtained from the

P2P Internet online hybrid test. The two tests produced very similar results with

a difference of the maximum displacement not >5%. The same HDRBs were

used for both tests on different days, and the discrepancy shown in Fig. 7.12 was

attributed to a slight difference in hysteretic behavior of the HDRBs tested on

different days. To demonstrate the validity of this attribution, two numerical

analyses were conducted. In the numerical simulation, all the conditions were

identical with the corresponding P2P Internet online hybrid tests except that the

base-isolation layer was also numerically modeled instead of being physically

tested. The base-isolation layer was modeled as bilinear. Figure 7.13a and b

shows the horizontal force versus displacement and displacement time histories

of the base-isolation layer. The solid and dashed lines represent the results

obtained from the conventional online hybrid test method and P2P Internet

online hybrid test system. The results obtained from the two numerical

analyses are identical, indicating that the P2P Internet online hybrid test system

is accurate.
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The number of iterations needed to achieve the equilibrium at the bound-

aries was evaluated. As indicated in the previous section, two rounds of quasi-

Newton iterations were executed. The first round of quasi-Newton iteration

was to find the correct boundary displacements, with the tested substructure

taken to be linear and having the assumed elastic stiffness, and the second

round was to compensate for the unbalanced forces generated as a result of

the elastic assumption. As shown in Fig. 7.14, the numbers of the first round

of quasi-Newton iterations (solid lines) are not >2. Zero iteration means that

the predictor displacements were so correct that they satisfied the equilibrium

without any modification. The numbers of the second round of quasi-Newton

iterations (dashed lines) are about 1 in the first 2 s, about 3 in 3-9 s, and about 1

in the last few seconds. These numbers occurred primarily because the dis-

placement responses were rather small in the first and last few seconds,

and were relatively large between 3 and 9 s. Large responses corresponded

to significant plasticity, and thus generated relatively large unbalanced forces,

which were to be compensated for in the second round of quasi-Newton

iteration.

The time consumed for the test was also evaluated. Figure 7.15a and b shows

the time histories of the times consumed in loading and Internet communica-

tion, respectively. Figure 7.15c compares the time histories of cumulative times

consumed for loading, communication, and total. The time consumed by calcu-

lation was negligible because the model was very small, so it was discounted.

The time consumed for loading was a function of the command displacement. It

was longer when the response was large. On average, the loading time was

about 8.9 s for one step. The time consumed for Internet communication was

not >0.1 s except for a few pulses. According to Fig. 7.15c, the time consumed

for loading constituted more than 95% of the time consumed for the total test.

This is obviously because of fast Internet communication and relatively slow

quasi-static loading.
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Figure 7.16 shows the accuracy of the test control. Figure 7.16a compares

the time histories of the target and measured displacements, and Fig. 7.16b plots

the difference between the two displacements. The tolerance of the displace-

ment control error was set at �0.06 mm. According to the figure, the control
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tory of time consumed for Internet communication, (c) comparison between time consumed for

loading, Internet communication, and total test.
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errors are always smaller than �0.05 mm, demonstrating that the test was

controlled accurately.

7.4 CONVERGENCE CRITERIA ON P2P INTERNET ONLINE
HYBRID TEST SYSTEM INVOLVING STRUCTURAL
NONLINEARITIES

7.4.1 Introduction

In Section 7.3, the P2P online hybrid test system was applied for the seismic

simulation of a base-isolated structure where only the tested base isolation-

layer involved great nonlinearity, while the numerical substructures stayed

within elastic range. The convergence is relatively easy because the nonli-

nearity to be handled by the quasi-Newton procedure is significantly reduced
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FIGURE 7.16 Accuracy of test control: (a) time histories of target and measured displacements,

(b) time history of the difference between target displacement and measured displacement.
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by the linear implementation of the numerical substructures. The P2P online

hybrid test system, however, is more general than this application since the

linear assumption is not mandatory in the system formulation. The conver-

gence of the system should be investigated especially when nonlinearity is

considered for all substructures. In the P2P Internet online hybrid test system,

the convergence is dominated by the quasi-Newton procedure. Therefore, the

convergence is guaranteed unless the effective static stiffness matrix

becomes negative definite, which is not considered here. The convergence

speed is the main concern to be examined, because nonlinearity may result

in a large number of iterations and the system becomes inefficient. Note that

it is the convergence of the quasi-Newton procedure to be investigated, not

the two-round predicting-correcting test procedure.

Considering the procedure used for the P2P Internet online hybrid test

system, the following factors may affect the convergence speed greatly:

(1) the convergence criteria and tolerance adopted; (2) type of divisions into

substructures; (3) number of DOF on the boundaries; and (4) initial stiffness

prescribed for the first quasi-Newton procedure. The effects of the four factors

are examined and summarized in the following sections. A mass-spring model

with 9-DOF is employed for these examinations. The Ramburg-Osgood (RO)

function, which employs two parameters, i.e., α and γ, to define the shape of

the function, is adopted to mimic the nonlinearity of each story. The story mass

and stiffness definition are listed in Table 7.1.

TABLE 7.1 Materials Considered for Convergence Speed Examination

Story

Mass

(ton)

Initial stiffness

(kN/mm)

Yielding

strength (kN) α γ

T9 180 65.4 654 0.25 5

T8 108 72.0 720 0.25 5

T7 108 75.6 756 0.25 5

T6 108 77.8 778 0.25 5

T5 108 80.7 807 0.25 5

T4 108 86.8 868 0.25 5

T3 108 102 1020 0.25 5

T2 108 148 1480 0.25 5

T1 108 200 2000 0.25 5
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7.4.2 Investigation of Convergence Criteria and Tolerance

Convergence criteria need to be established to judge whether the iterative quasi-

Newton procedure converges within a preset tolerance or not. In this study, the

unbalanced force is themost straightforward criterion, but numerical difficulties

may arise for stiff structures. To control the trial displacements is a candidate,

which, however, may require different tolerances for the translations and rota-

tions. Considering these difficulties, the unbalanced energy is an appealing alter-

native. The unbalanced energy can be defined as the product of the unbalanced

force and thedisplacement increment. It is noted that this convergence criterion is

not sensitive to the types of displacements and the structural strength. To further

mitigate the effect of external excitations, the relative unbalanced energy can be

used, which may be most suitable for the iterative quasi-Newton procedure.

In this section, six kinds of convergence criteria, i.e., displacement, relative

displacement, unbalanced force, relative unbalanced force, unbalanced energy,

and relative unbalanced energy, are examined. Listed below are the formula-

tions of the six convergence criteria, where k k is the norm of a vector; j j is
the absolute value of a scalar; and STOL. is the tolerance.

(1) Displacement criterion

diþ1
nþ1�dinþ1

�� ��< STOL: (7.33)

where diþ1
nþ1 is the displacement of the current iteration of the (n+1)th step

and dinþ1 is the displacement of the previous iteration of the (n+1)th step.

(2) Relative displacement criterion

diþ1
nþ1�dinþ1

�� ��
diþ1
nþ1�dn

�� �� < STOL: (7.34)

where diþ1
nþ1 is the displacement of the current iteration of the (n+1)th step,

dinþ1 is the displacement of the previous iteration of the (n+1)th step, and

dn is the displacement of the (n)th step.

(3) Unbalanced force criterion

unbFi
nþ1

�� ��< STOL: (7.35)

where unbFi
nþ1 is the unbalanced force of the previous iteration of the (n

+1)th step.

(4) Relative unbalanced force criterion

unbFi
nþ1

�� ��
unbF0

nþ1

�� ��< STOL: (7.36)

where unbFi
nþ1 is the unbalanced force of the current iteration of the (n+1)

th step, and unbF0
nþ1 is the unbalanced force of the first iteration of the

(n+1)th step.
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(5) Unbalanced energy criterion

unbFi
nþ1 � diþ1

nþ1�dinþ1

� 
�� ��< STOL: (7.37)

where unbFi
nþ1 is the unbalanced force of the current iteration of the (n+1)

th step, diþ1
nþ1 is the displacement of the current iteration of the (n+1)th step,

and dinþ1 is the displacement of the previous iteration of the (n+1)th step.

(6) Relative unbalanced energy criterion

unbFi
nþ1 � diþ1

nþ1�dinþ1

� 
�� ��
unbF0

nþ1 � diþ1
nþ1�dn

� 
�� �� < STOL: (7.38)

where unbFi
nþ1 is the unbalanced force of the current iteration of the (n+1)

th step, diþ1
nþ1 is the displacement of the current iteration of the (n+1)th step,

dinþ1 is the displacement of the previous iteration of the (n+1)th step,
unbF0

nþ1 is the unbalanced force of the first iteration of (n+1)th step,

and dn is the displacement of the (n)th step.

Physical meanings of the six convergence criteria are illustrated by Fig. 7.17,

which shows the iterative quasi-Newton procedure employed by the Coordina-

tor. At the beginning of the (n+1)th step, the displacements in the previous step

are applied to all substructures. The restoring forces obtained from the substruc-

tures are combined to form the unbalanced force at the boundaries, shown as
unbF0

nþ1 in Fig. 7.17. Then the iterative quasi-Newton procedure is conducted

to eliminate the unbalanced force and generate a new trial displacement. Each

iteration includes one unbalanced force unbFi
nþ1 and the corresponding new trial

displacement diþ1
nþ1. These variables are evaluated using the displacement and

force type convergence criteria. The unbalanced energy represented by the

idn+1
i+1dn+1dn

iunbFn+1

Δdn+1
i+1

i+1 dndn+1 −

0unbFn+1

0unbWn+1

iunbWn+1

FIGURE 7.17 Illustrative presentation of convergence criteria.
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net-meshed area, unbWi
nþ1, is the product of the displacement increment and the

unbalanced force of the current iteration, and is taken as the numerator of the

relative unbalanced energy criterion. The area with slashed lines, unbW0
nþ1, is the

product of the original unbalanced force and the displacement increment, which

is taken as the denominator of the relative unbalanced energy criterion.

The six criteria are examined for a mass-spring model with 9-DOF. The

9-DOF are divided into three groups, as shown in Fig. 7.18. The bottom

DOF is taken as Substructure A; the 2nd to 5th DOF are taken as Substructure

B; and the left are taken as Substructure C. To compare these convergence cri-

teria, other parameters, such as the convergence tolerance, material model, and

initial stiffness, are kept identical for all six cases. Here, the convergence tol-

erance is set to be 10�9. Note that the largest displacement of one story is about

0.1 m, the largest force is about 3,000,000 N, and the maximum energy dissi-

pated by one story is about 4000 J. Therefore, 10�9 is small enough to obtain

accurate responses. The initial stiffness of both boundaries is set to 103 kN/mm.

The RO function is adopted to simulate the hysteretic loop of each story. In

these examinations, an upper bound of the number of iterations is adopted to

prevent endless iteration. Here it is set to be 20 times.

The responses of the 1st and 9th DOF using different convergence criteria

are compared with the response obtained for the entire model in Fig. 7.19. The

hysteretic loops of the first and seventh stories are also compared in Fig. 7.20

for all convergence criteria. The responses and hysteretic loops match almost

perfectly, demonstrating the validity of the quasi-Newton procedure when

considering nonlinearity for all substructures. The number of iterations in

each step is plotted in Fig. 7.21 for the six cases with different convergence

criteria.

Major findings from the numerical examinations are summarized as

follows:

S1

S2

S3

S4

S5

S6

S7

S8

S9

Substructure C

Substructure B

Substructure A

Ramburg-Osgood function

FIGURE 7.18 Nine-degrees-of-freedom (DOF) mass-spring model used for convergence criteria

examination.
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(1) Accurate responses can be obtained by the quasi-Newton procedure with

any kind of convergence criterion. When the unbalanced force is used

as the convergence criterion, some steps reach the upper limit of the num-

ber of iterations, but a good result is still obtained. The reason is explained

in the third conclusion.

(2) If only considering the first step, it uses 4, 5, 6, 5, 4, and 4 iterations for the

convergence criterion: displacement, relative displacement, unbalanced

force, relative unbalanced force, unbalanced energy, and relative unbal-

anced energy, respectively. And averagely, it needs 3.172, 3.139,

18.063, 3.139, 3.299, and 2.045 iterations, respectively. Therefore, the rel-

ative unbalanced energy is the most efficient criterion. Others are basically

the same.

(3) When the unbalanced force is used for the convergence criterion, the

number of iterations reaches 20 times in some steps, but good response

is still obtained. This difficulty arises because of a limited numerical pre-

cision of the double-precision data type used in the program. In this study,

the stiffness of the model is in a range of 109. The displacement increment

calculated as the product of the inversion of stiffness and the tolerance

of the unbalanced force is about 10�18, which exceeds the numerical

precision of the double-precision data type, and results in no change in

displacement. Thus, the quasi-Newton procedure never converges.

When the tolerance is changed to 10�6, this difficulty is removed and

the quasi-Newton procedure converges after a certain number of

iterations.

(4) The relative unbalanced energy is preferable not only because it is easier to

be achieved, but also because it is not affected by structural properties and

external forces, thus more general. In the following study, the relative

unbalanced energy is selected as the criterion.

In what follows, the magnitude of tolerance is examined using the relative

unbalanced energy criterion. A suitable tolerance is important for the quasi-

Newton procedure since too strict a tolerance would induce unnecessary itera-

tions and eventual difficulty in convergence. Too loose a tolerance will result in

responses with lack of accuracy. This examination is based on the previous

analysis for checking the relative unbalanced energy criterion. Four levels of

tolerances are examined, i.e., 0.1, 10�3, 10�6, and 10�9, which are designated

as T1, T3, T6, and T9, respectively. Note that the maximum energy dissipated

by one story is about 4000 J, T6 and T9 may be sufficient for accurate

responses, while T1 and T3 may not. The responses of the 1st and 9th DOF

are plotted in Fig. 7.22 for the four cases. The number of iterations of each step

is also shown in Fig. 7.23.

From these examinations, the following observations are made:
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(1) A loose tolerance would bring inaccurate results. When using 0.1 for the

tolerance, the responses deviate greatly from the responses to be. If the tol-

erance becomes smaller, the responses also become closer to the exact

responses. When 10�6 is adopted as the tolerance, the responses are almost

identical with the exact responses. In the following study, 10�9 is adopted

as the base line.

(2) No great difference is observed for the number of iterations of each step

among the four cases. The average numbers are 1.289, 1.163, 1.537, and

2.045, respectively, for T1, T3, T6, and T9. This naturally shows that a

stricter tolerance requires a larger number of iteration.
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FIGURE 7.22 Response comparison of S1 and S9 for four tolerances.
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7.4.3 Examination on Type of Divisions into Substructures

Examined in this section is the effect of the type of division on the convergence

speed. A mass-spring model with 9-DOF is used here. The relative unbalanced

energy criterion is adopted, and the convergence tolerance is set at 10�9. The

initial stiffness of any boundary is set to 103 kN/mm. Four types of divisions

shown in Fig. 7.24 are examined. The entire model is divided into three sub-

structures. For Case 1 and Case 3, the dividing positions are located at the mass

nodes (called the mass boundary); while for Case 2 and Case 4, at least one

boundary is located at the middle point between the adjacent 2-DOF, which

is called the massless boundary. The stiffness associated to the massless bound-

ary is two times the stiffness before dividing. The responses of the 1st and 9th

DOF are shown in Fig. 7.25, which are compared with the exact responses. The

number of iterations of each step is compared in Fig. 7.26 for the four cases.

S1

S2

S3

S4

S5

S6

S7

S8

S9

Entire model Case 1 Case 2 Case 3 Case 4

FIGURE 7.24 Four types of divisions into substructures.
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FIGURE 7.25 Comparison of responses of S1 and S9 for four cases of division.
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Major findings are as follows:

(1) Correlation between the responses obtained from the quasi-Newton proce-

dure and the exact responses is shown in Fig. 7.25, which demonstrates that

the quasi-Newton procedure converges no matter where the structure is

divided into substructures.

(2) Case 2 and Case 4 need more iterations than Case 1 and Case 3. On the

average, Case 2 and Case 4 need 2.946 and 3.103 times of iteration, respec-

tively; while Case 1 and Case 3 need 2.018 and 2.045 times, respectively.

In Case 2 and Case 4, the stiffness of some elements of the substructures is

larger than that in Case 1 and Case 3. Therefore, the same displacement

increment would result in a larger unbalanced force in Case 2 and Case

4 than that in Case 1 and Case 3. That is why Case 2 and Case 4 need more

iterations than Case 1 and Case 3.

7.4.4 Number of DOF on Boundaries

In order to investigate the effect of the number of boundary DOF on the con-

vergence speed, eight analysis cases are chosen for the mass-spring model with

9-DOF, as shown in Fig. 7.27. The eight analysis cases have 1-8 boundary DOF.

The relative unbalanced energy criterion is adopted, and the convergence tol-

erance is set to be 10�9 for all analysis cases. The initial stiffness of any bound-

ary is set to 103 kN/mm. The responses of the 1st and 9th DOF are plotted in

Fig. 7.28 and compared with the exact responses. The number of iterations

of each step is also compared in Fig. 7.29 for each case.
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FIGURE 7.26 Comparison of number of iterations for four cases of division.
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FIGURE 7.27 Eight cases of division with different boundary DOF.
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Major findings are as follows:

(1) The quasi-Newton procedure converges no matter how many DOF are

associated with the boundaries.

(2) It is observed from Fig. 7.29 that the number of boundary DOF affect only

the convergence speed of the first several steps, but have little influence on

the following steps. The reason is that the stiffness matrix after the first

several steps is close enough to the tangential stiffness matrix, while the

nonlinearity simulated by the RO function changes mildly such that it

always converges in a limited number of iterations no matter how many

DOF do exist on the boundaries.

(3) For the first several steps (the first step of Case 1-Case 5; the first two steps

of Case 6-Case 8), 2, 4, 6, 8, 10, 13, 15, 17 iterations are needed to obtain a

stiffness matrix close enough to the tangential stiffness matrix. The stiff-

ness matrix of the mass-spring model is in a tri-diagonal form. That is

the reason why the number of iterations increases almost linearly with

the number of boundary DOF.

7.4.5 Investigation on Initial Stiffness

Examined in this section is the effect of the initial stiffness prescribed for the

first step of the quasi-Newton iteration. In this study, the mass-spring model

with 9-DOF is divided into three substructures, as shown in Fig. 7.18. The rel-

ative unbalanced energy is taken for the convergence criterion, and the toler-

ance is set to be 10�9. Five analysis cases using different initial stiffness

matrices are considered. The matrices are listed in Table 7.2. The number of

iterations of each step is compared in Fig. 7.30 for the five analysis cases.

TABLE 7.2 Matrices Employed by Five Analysis Cases

Analysis case Initial matrix at boundaries

Case 1 (large soft) 106 0
0 106

� �
Case 2 (small soft) 109 0

0 109

� �
Case 3 (exact) 4:887�109 2:030�104

2:030�104 4:570�109

� �
Case 4 (small hard) 1010 0

0 1010

� �
Case 5 (large hard) 1013 0

0 1013

� �
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The initial stiffness affects only the first step of quasi-Newton procedure, while

the rest are almost identical. Numbers of iterations of the first step are 7, 4, 1, 4,

and 4 times for the five analysis cases, respectively. It means a good estimation

of initial stiffness can speed up the convergence in the first step. In the two-

round predicting-correcting test procedure, the initial stiffness is always used

for the prediction and correction of the experimental substructures. The conver-

gence speed is greatly improved if a good approximation of the stiffness is used

in each step of analysis.

7.4.6 Summary

In this part, the convergence speed of the iterative quasi-Newton procedure is

explored in terms of the convergence criteria, tolerance, type of divisions of the

structure, number of boundary DOF, and the approximation of the initial stiff-

ness. Major findings are summarized as follows:

(1) The relative unbalanced energy is the most suitable convergence criterion

for the iterative quasi-Newton procedure, because it is not sensitive to the

variety of boundaries, structures, and external excitations.

(2) If the relative unbalanced energy criterion is adopted, the tolerance of 10�6

is strict enough to obtain accurate responses without losing the efficiency

for the systemwhose maximum energy of one story dissipated in one step is

about 4000 J.

(3) The quasi-Newton procedure converges no matter how the structure is

divided and how many boundary DOF.

(4) It is slower to converge for a stiffer structure, because a larger unbalanced

energy would occur for the same displacement increment.
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FIGURE 7.30 Comparison of number of iterations for five initial stiffness matrices.
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(5) More DOF are associated with the boundaries, and a larger number of iter-

ations is needed.

(6) A good approximation of the initial stiffness matrix associated with the

boundaries may reduce the number of iterations greatly. This gives a clue

for the improvement of efficiency of the P2P framework.

These are the preliminary examinations for incorporating numerical nonlinear

substructures in the P2P Internet online hybrid test system. It has been demon-

strated that the convergence of the quasi-Newton procedure is guaranteed, and

the efficiency of the system will not be affected greatly if a limited number of

DOF is associated with the boundaries.

7.5 NUMERICAL CHARACTERISTICS OF P2P
PREDICTOR-CORRECTOR PROCEDURE

7.5.1 Introduction

The predictor-corrector procedure employs linear stiffness assumption on tested

substructures to avoid iteration. This would introduce error into the dynamic

system, which probably leads stability and accuracy issues. In this section,

the numerical characteristics of the predictor-corrector procedure, particularly

those associated with the linear stiffness assumption, are examined by means of

the spectral method. The two-round quasi-Newton test scheme is recast into a

recursive matrix form for an equivalent linear SDOF undamped model, and the

stability and accuracy conditions are obtained by examining the spectral radius

of the matrix.

During the predicting and correcting procedures, the restoring force of the

tested substructure is always obtained numerically. Physical loading is con-

ducted only once between the predicting and correcting procedures. For the

numerical substructures, the actual stiffness can be used, but for the tested sub-

structures use of the actual stiffness is not practical, because of the limited res-

olutions in the measurement. Therefore, an assumed stiffness, kI, is adopted

instead. The initial stiffness is commonly adopted as the assumed stiffness. This

treatment introduces a force error. This will be explained for a linear tested sub-

structure having a stiffness of k0. The dynamics of the tested substructure is

recast into an effective static form [37] and illustrated as in Fig. 7.31. Suppose

all previous n steps are exactly simulated. In the beginning of the (n+1)th step,
kI is used to calculate the predicting displacement ednþ1. This predicting path is

plotted as the thick solid arrow in Fig. 7.31. The tested substructure is then

loaded from edn to ednþ1 with respect to the actual effective stiffness k0 (the

dashed arrow as shown in Fig. 7.31). At the displacement of ednþ1, a force imbal-

ance is present. To compensate for the imbalanced force, the correcting proce-

dure, indicated by the dotted arrow, is implemented. Note that the corrected

displacement, dnþ1, may not be the same as the exact displacement, d�nþ1.

The error is introduced due to the difference between kI and k0. This infers that
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the assumed stiffness, kI, had better not be too different from the actual stiffness,

k0. Quantification of this error is explored in the following sections.

7.5.2 Recursive Matrix of Two-Round Quasi-Newton Test
Scheme

Stability and accuracy characteristics of the proposed P2P test scheme are

examined in terms of the error introduced by the linear assumption adopted

for the tested substructures. All other errors such as the controlling and measur-

ing errors and other noises are ignored. To focus on this error, the model with a

single tested substructure is adopted. The tested substructure contains only 1-

DOF and this DOF is treated as the boundary, with the absence of the adjacent

numerical substructures. Viscous damping is not considered. With this treat-

ment, the error characteristics associated with the linear assumption can be sin-

gled out. In the following derivation, the ratio of the initial stiffness kI to the

actual stiffness k0 is denoted as θ, i.e., θ¼ kI=k0. Note that θ> 1 corresponds

to the case when the structure exhibits hysteresis of a softening-type.

Suppose that the equilibrium at the end of the nth step has already been

achieved at point Cn, as shown in Fig. 7.32. In the (n+1)th step, the predicted

displacement ednþ1 is calculated by solving the equation of motion using the
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FIGURE 7.31 Error introduced by test scheme featuring two-round quasi-Newton procedure.
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FIGURE 7.32 Restoring force versus displacement in two-round quasi-Newton test scheme.
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initial stiffness kI, and the balanced point is denoted as Pnþ1. The predicting pro-

cedure adopts the averaged acceleration algorithm [37] and is expressed as

meanþ1þ rnþ kI ednþ1�dn

� �
¼ fnþ1 (7.39)

ednþ1 ¼ dnþΔtvnþ1

4
anþ eanþ1ð ÞΔt2 (7.40)

evnþ1 ¼ vnþ1

2
anþ eanþ1ð ÞΔt (7.41)

rn ¼ k0 ednþ kI dn� edn� �
(7.42)

where the displacement edn represents the predicted displacement in the nth step.
Then the system is loaded from the previous predicted displacement edn to

the current predicted displacement ednþ1, correspondingly from point Ln to point
Lnþ1, shown in Fig. 7.32, which results in an imbalanced force of unbFnþ1, repre-

sented by the vertical arrow from point Pnþ1 to point Lnþ1. Then the correcting

procedure is implemented using the initial stiffness kI once again, and the bal-

anced point Cnþ1 is achieved. The equation of motion is solved again by the

averaged acceleration algorithm, as expressed as

manþ1þ rnþ1 ¼ fnþ1 (7.43)

dnþ1 ¼ dnþΔtvnþ1

4
anþanþ1ð ÞΔt2 (7.44)

vnþ1 ¼ vnþ1

2
anþanþ1ð ÞΔt (7.45)

rnþ1 ¼ k0ednþ1þ kI dnþ1� ednþ1

� �
(7.46)

Equations (7.39)–(7.46) can be recast into the following recursive matrix

form:

Xnþ1 ¼AXnþLnþ1 (7.47)

Α¼

4 4þ 2θ�1ð ÞΩ2
� 


4þθΩ2
� 
2 4Δt 4þ 2θ�1ð ÞΩ2

� 

4þθΩ2
� 
2 Δt2 4þ 2θ�1ð ÞΩ2

� 

4þθΩ2
� 
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(7.48)
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Xn¼

dn

vn

anedn

8>>>>><>>>>>:

9>>>>>=>>>>>;
, Lnþ1¼

4þ 2θ�1ð ÞΩ2
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fnþ1

m
, Ω¼ωΔt, ω¼

ffiffiffiffiffi
k0
m

r
(7.49)

where Ω and ω are the sampling and circular frequency of the SDOF system,

respectively.

7.5.3 Stability Characteristics

The stability of a time integration algorithm is characterized by whether or not

the error introduced by the previous steps remains uniformly bounded during

the following steps, which can be represented by the spectral radius ρ(A) of
the amplification matrix A. This is also called the spectral stability criteria

[37], described such that “the error is bounded for n!1 if and only if

ρ Að Þ� 1.” In this study, A has four eigenvalues and is determined by the fol-

lowing characteristic equation, with λ as an eigenvalue:

λ θΩ2þ4
� 


λ3þ θ 1þθð ÞΩ4�20 θ�1ð ÞΩ2�32
� �

λ2þ�
θ 2�θð ÞΩ4þ8 2θ�1ð ÞΩ2þ16
� �

λþ θ 1�θð ÞΩ2�4 θ�1ð Þ� �g¼ 0 (7.50)

Figure 7.33 shows the spectral radii obtained from the above equation.

In Fig. 7.33a, the stiffness ratio θ ranges from 1 to 100, and the spectral

radius does not exceed unity, suggesting that the stability of the test scheme

is ensured when θ	 1. That is, the test scheme is unconditionally stable

for structures having a force-displacement relationship of a softening type.

When θ ranges from 0 to 1, it may exceed unity if Ω is larger than

1:42e12:714θ
4:486

, as shown in Fig. 7.33b. This implies a conditional stability

in this range.

7.5.4 Accuracy Characteristics

According to Belytschko and Hughes [37], the displacement in one step can be

written as a linear combination of the eigenvalues of the amplification matrixA.

Among the four eigenvalues of Equation (7.47), two are real values, with one of

them equal to zero, and the other two are a pair of complex conjugates. Then dn
can be expressed as
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dn ¼ exp �ξωtn
� 


c1 cosωtnþ c2 sin ωtnð Þþ c3 λ
n
3

where λ1,2 ¼A�Bi¼ exp Ω �ξ� i
� 
� �

λ3 is a real value, and λ4 ¼ 0

ω¼Ω=Δt

ξ¼� ln A2þB2ð Þ= 2Ω
� 


Ω¼ arctan B=Að Þ

χ¼ T�T

T
¼ω�ω

ω
¼Ω�Ω

Ω

(7.51)

ξ is defined as the numerical dissipation, χ is the period distortion, ω is the

numerical circular frequency, and Ω is the numerical sampling frequency.

Three numerical cases, Cases 1-3 with θ=1, 16, and 100, respectively, are

taken as examples. Unconditional stability is ensured for all cases. The numer-

ical characteristics of Case 1 with θ¼ 1 are actually identical to those of the

averaged acceleration algorithm. To show the acceptable accuracy of the
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proposed P2P system, the period distortions of the three Cases are compared and

plotted in Fig. 7.34. It is observed from Fig. 7.34 that the P2P system is accurate

at small sampling frequencies (when Ω
ffiffiffi
θ

p ¼ 0:6, the period distortion χ =3%,

�0.3%, and 2% for θ=1, 16, and 100, respectively), and still commensurate in

accuracy with the averaged acceleration algorithm for larger sampling frequen-

cies (for example, when Ω
ffiffiffi
θ

p ¼ 4, the period distortion χ =80%, �50%, and

�80% for θ=1, 16, and 100, respectively).

7.6 CONCLUSIONS

The P2P Internet online hybrid test system proposed in this study is a distributed

online hybrid test system using substructuring technique [38]. In this system, the

simulated structure is divided into multiple substructures. All substructures are

equally treated and geographically distributed to various laboratories, which

enables the system to integrate the resources of these laboratories for seismic

simulation of large-scale structures. A center part called “Coordinator” is

devised to achieve the compatibility and equilibrium on the boundaries between

the substructures. Each substructure is implemented as a highly encapsulated

and independent “Partner” with limited data on the boundary, such as displace-

ments and reactional forces, exchanged with the “Coordinator.” Each “Partner”

can be treated as the experimental part or analytical part according to the user’s

concerns. The system is characterized with the following features:

(1) The equations of motion are formulated for each substructure separately, but

not for the entire structure as did in the conventional substructural online

hybrid test. The size of the equations ofmotion is reduced. Therefore, a faster

computation may be achieved. The separated formulation also enables the

parallel computation of substructures which is known to increase capacity

and efficiency significantly for computation of large systems.
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(2) An iterative quasi-Newton procedure is employed by the “Coordinator” to

satisfy the boundary conditions between all substructures. The implemen-

tation in the “Coordinator” in fact is an equation solution procedure for the

boundaries. Any type of Newton’s method can be chosen for this solution.

The exact amplification matrix, i.e., the stiffness matrix that is only related

to the boundaries, however, is unavailable because of the involvement of

experimental substructures. The quasi-Newton procedure hereby is the best

choice because it does not need any exact stiffness, and the convergence

rate is super-linear.

(3) A testing scheme featuring a two-round quasi-Newton procedure is devised

to avoid iteration for the substructures being tested physically. This is a typ-

ical predicting and correcting scheme, each corresponding to one round

quasi-Newton procedure. In one step of analysis, the experimental sub-

structures are always assumed to be linear elastic, and the nonlinearities

are taken into consideration only by the onetime loading between the pre-

dicting and correcting quasi-Newton procedures. This linear assumption

may introduce numerical damping into the system [29], which is deemed

helpful for suppressing higher mode responses generated by the experi-

mental errors.

(4) The incorporation of existing FEM programs into the online hybrid test

system is believed to be able to increase the versatility of online hybrid

tests, particularly the accuracy of the behavior of the computed part

[30]. It would be much more effective if a highly encapsulated FEM pro-

gram could be incorporated into the online test system as a black box,

accessible only through standard I/O. Restart capability is the key to realize

this application [39]. Two kinds of restart are employed by this system, i.e.,

“iterative restart” and “step-wise restart.” “Iterative restart” is a trying pro-

cedure used to find the true state of the current step, which always restarts

from the true state of the previous step. “Step-wise restart” is the last step of

the “Iterative restart.” It records the true state of each step.

(5) The reactional force acquired from each substructure is a dynamic reac-

tional force which includes the effect of the inertia force and the viscous

damping force on the boundary.

(6) It is unnecessary for the substructures to have the same damping. This is

very appealing when the characteristics of substructures are significantly

different.

(7) A fast and stable solution using a socket mechanism is developed for data

exchange over the Internet, and an Internet hybrid test environment is con-

structed. The interfaces of diverse “Partners” are standardized and simpli-

fied so that they can be incorporated effectively into the integrated Internet

test system. Such standardization and simplification also require the sub-

structures to be highly encapsulated.

(8) The relative unbalanced energy is the most suitable convergence criterion

for the iterative quasi-Newton procedure, which converges no matter how
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the structure is divided and how many boundary DOF. Furthermore, more

DOF are associated with the boundaries, and a larger number of iterations

is needed. Besides, a good approximation of the initial stiffness matrix

associated with the boundaries may reduce the number of iterations greatly.

This gives a clue for the improvement of efficiency of the P2P framework.

(9) The convergence of the two-round quasi-Newton test scheme is guaranteed

if the referenced stiffness (normally the initial stiffness) is not smaller than

the actual stiffness. The P2P system is accurate when the integration time

interval is small, and commensurate in accuracy with the averaged accel-

eration algorithm for larger sampling frequencies.

REFERENCES

[1] Takanashi K, Udagawa K, Seki M, Okada T, Tanaka H. Nonlinear earthquake response anal-

ysis of structures by a computer actuator online system (part 1: details of the system). Trans

Archit Inst Jpn 1975;229:77–83 [in Japanese].

[2] Takanashi K, Nakashima M. Japanese activities on online testing. J Eng Mech

1987;113:1014–32.

[3] Mahin SA, Shing PB, Thewalt CR, Hanson RD. Online test method: current status and future

directions. J Struct Eng 1989;115:2113–28.

[4] Shing PB, Nakashima M, Bursi OS. Application of pseudo dynamic test method to structural

research. Earthq Spectra 1996;12:29–56.

[5] Nakashima M. Development, potential, and limitations of real-time online (pseudo-dynamic)

testing. Philos Trans R Soc Lond A 2001;359:1851–67.

[6] Pegon P, Pinto AV. Pseudo-dynamic testing with substructuring at the ELSA laboratory. J

Earthq Eng Struct Dyn 2000;29:905–25.

[7] Ohi K, Lin X, Takanashi K. Sub-structure pseudo-dynamic test scheme suitable for bending-

shear type flexible steel frames. J Struct Const Eng Trans Archit Inst Jpn 2001;540:49–56

[in Japanese].

[8] Molina FJ, Verzeletti G, Magonette G, Buchet PH, Renda V, GeradinM, et al. Pseudodynamic

tests on rubber base isolators with numerical substructuring of the superstructure and strain-

rate effect compensation. J Earthq Eng Struct Dyn 2002;31:1563–82.

[9] Pinto AV, Pegon P, Magonette G, Tsionis G. Pseudo-dynamic testing of bridges using non-

linear substructuring. J Earthq Eng Struct Dyn 2004;33:1125–46.

[10] Yang W, Nakano Y, Sanada Y. Substructure on-line test technique using non-linear hysteresis

modeling with neural network. J Struct Constr Eng Trans Archit Inst Jpn 2004;582:73–80 [in

Japanese].

[11] Wu B, Xu G,Wang Q,Williams SM. Operator-splittingmethod for real-time substructure test-

ing. J Earthq Eng Struct Dyn 2006;35:293–314.

[12] Wallace MI, Sieber J, Neild SA, Wagg DJ, Krauskopf B. Stability analysis of real-time

dynamic substructuring using delay differential equation models. J Earthq Eng Struct Dyn

2005;34:1817–32.

[13] Neild SA, Stoten DP, Drury D, Wagg DJ. Control issues relating to real-time substructuring

experiments using a shaking table. J Earthq Eng Struct Dyn 2005;34:1171–92.

[14] National Science Foundation. Network for earthquake engineering simulation (NEES): earth-

quake engineering research equipment, program solicitation. Report NSC00-6, USA: National

Science Foundation; 2000.

Peer-to-Peer Framework Chapter 7 171

http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0010
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0010
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0010
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0015
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0015
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0020
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0020
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0025
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0025
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0030
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0030
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0035
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0035
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0040
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0040
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0040
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0045
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0045
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0045
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0050
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0050
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0055
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0055
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0055
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0060
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0060
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0065
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0065
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0065
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0070
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0070
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0075
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0075
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0075


[15] National Science Foundation. Network for earthquake engineering simulation (NEES): system

integration, program solicitation. Report NSC00-7, USA: National Science Foundation; 2000.

[16] Tsai K, Hsieh S, Yang Y, Wang K, Wang S, Yeh C, et al. Network platform for structural

experiment and analysis (I). Report NCREE-03-021, Taiwan: National Center for Research

on Earthquake Engineering; 2003.

[17] Sugiura K, Nagata N, Suzuka Y, Watanabe E. Internet related structural testing.

In: Proceedings of the eighth KKNN seminar on civil engineering, Singapore; 1998. p. 219–24.

[18] Watanabe E, Yun C, Sugiura K, Park D, Nagata K. Online interactive testing between KAIST

and Kyoto University. In: Proceedings of the fourteenth KKNN symposium on civil engineer-

ing, Kyoto, Japan; 2001. p. 369–74.

[19] Wang K, Tsai K, Wang S, Cheng W, Yang Y. Networked hybrid test frameworks and exam-

ples, In: The fifth seminar on earthquake engineering for building structures (SEEBUS),

Kyoto, Japan; 2003. p. 81–90.

[20] Takahashi Y, Fenves GL. Software framework for distributed experimental-computational

simulation of structural systems. J Earthq Eng Struct Dyn 2006;35:267–91.

[21] Wang T, Pan P, Tomofuji H, Nakashima M, Ohsaki M. Online hybrid test combined with

general-purpose finite element program. J Struct Eng Archit Inst Jpn 2005;51B(3):261–8.

[22] Pan P, Tada M, Nakashima M. Online hybrid test by Internet linkage of distributed test and

analysis domains. J Earthq Eng Struct Dyn 2005;11:1407–25.

[23] ABAQUS version 6.4 documentation. USA: ABAQUS, Inc.; 2003.

[24] Broyden CG. A class of method for solving nonlinear simultaneous equation. Math Comput

1965;19:577–93.

[25] Broyden CG. Quasi-Newton methods and their application to function minimization. Math

Comput 1967;21:368–81.

[26] Dennis JE, More JJ. Quasi-Newton method, motivation and theory. SIAM Rev 1977;19

(1):46–89.

[27] Bathe KJ. Finite element procedures. Englewood Cliffs, NJ: Prentice hall; 1996. pp. 759–761.

[28] National Science Foundation. Network for earthquake engineering simulation (NEES): con-

sortium development, program solicitation. Report NSC01-56, USA: National Science Foun-

dation; 2001.

[29] Yoshitake N,Wang T, Pan P, NakashimaM. A distributed online hybrid test using commercial

finite element program, part 1: accuracy characteristic of proposed system. In: Proceedings of

technical papers of Kinki branch; 2006, pp. 297–300.

[30] Wang T, Pan P, Nakashima M. On-line hybrid test combining with general-purpose finite ele-

ment software. J Earthq Eng Struct Dyn 2006;35:1471–88.

[31] Pan P, Nakashima M, Tomofuji H. Online test using displacement-force mixed control. J

Earthq Eng Struct Dyn 2005;34:869–88.

[32] Nakashima M, Kanao I, Liu D. Lateral instability and lateral bracing of steel beams subjected

to cyclic loading. J Struct Eng ASCE 2002;128(10):1308–16.

[33] Nakashima M, Akazawa T, Igarashi H. Pseudo dynamic testing using conventional testing

devices. J Earthq Eng Struct Dyn 1995;24(10):1409–22.

[34] Hughes TJR, Pister KS, Taylor RL. Implicit-explicit finite elements in nonlinear transient anal-

ysis. Comput Methods Appl Mech Eng 1979;17–18:159–82.

[35] Nakashima M, Kaminosono T, Ishida M, Ando K. Integration techniques for substructure

pseudo dynamic test. In: 4th US national conference on earthquake engineering, Palm Springs,

CA; 1990.

[36] Nakashima M, Matsumiya T, Asano K. Comparison in earthquake responses of steel moment

frames subjected to near-fault strong motions recorded in Japan, Taiwan, and the U.S.

In: International workshop on annual commemoration of Chi-Chi earthquake, Taipei, Taiwan,

September 18-20; 2000. p. 112–23.

172 Development of Online Hybrid Testing

http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0080
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0080
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0085
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0085
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0085
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0090
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0090
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0095
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0095
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0095
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0100
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0100
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0100
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0105
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0105
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0110
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0110
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0115
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0115
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0120
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0125
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0125
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0130
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0130
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0135
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0135
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0140
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0145
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0145
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0145
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0150
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0150
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0150
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0155
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0155
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0160
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0160
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0165
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0165
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0170
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0170
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0175
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0175
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0180
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0180
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0180
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0185
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0185
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0185
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0185


[37] Belytschko T, Hughes TJR. Computational methods for transient analysis. Computational

methods in mechanics, vol. 1. Amsterdam, The Netherlands: Elsevier Science B.V.; 2001.

[38] Pan P, Tomofuji H, Wang T, Nakashima M, Ohsaki M, Mosalam KM. Development of peer-

to-peer (P2P) internet online hybrid test system. J Earthq Eng Struct Dyn 2006;35(7):867–90.

[39] Wang T, Pan P, Yoshitake N, NakashimaM. A distributed online hybrid test using commercial

finite element program, part 2: application using multiple nonlinear finite element codes.

In: Proceedings of technical papers of Kinki branch; 2006.

Peer-to-Peer Framework Chapter 7 173

http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0190
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0190
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0195
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0195
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0200
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0200
http://refhub.elsevier.com/B978-0-12-803378-4.00007-8/rf0200


Chapter 8

Application of an Online Hybrid
Test in Engineering Practice

Chapter Outline

8.1 Introduction 175

8.2 Application Example of

Conventional Online

Hybrid Test 176

8.2.1 Project Brief 176

8.2.2 Prototype and

Substructures 176

8.2.3 Dynamics of the

Retrofitted Structure 177

8.2.4 Configuration of the

Hybrid Test System 178

8.2.5 Loading Scheme 179

8.2.6 Input Ground Motions

and Intensity 180

8.2.7 Measurement Scheme 181

8.2.8 Test Results 181

8.3 Application Example of P2P

Internet Online Hybrid Test 181

8.3.1 Project Brief 181

8.3.2 Target Structure 182

8.3.3 Substructures 185

8.3.4 Improved Test Scheme

of P2P Framework 186

8.3.5 Numerical Analyses

by P2P Framework 186

8.3.6 Distributed Test

Environment 188

8.3.7 Implementation of

Tested Substructures 188

8.3.8 Distributed Test 189

8.3.9 Verification of P2P

Framework 190

8.3.10 Efficiency of P2P

Framework 192

8.3.11 Practical Evaluation

of Collapse Limit of

the Frame 193

8.3.12 Complex Behavior

of Column Bases 193

8.4 Summary and Conclusions 197

8.1 INTRODUCTION

Only real applications in engineering practice can promote the development of

the online hybrid test. However, there are few real applications, particularly

because the engineers are not necessarily familiar with the loading equipments

and the online hybrid techniques. In this chapter, two typical applications will

be presented, one of a conventional online hybrid test and one of a peer-to-peer

(P2P) Internet online hybrid test, in order to demonstrate the utility and

efficiency of this method.
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8.2 APPLICATION EXAMPLE OF A CONVENTIONAL ONLINE
HYBRID TEST

8.2.1 Project Brief

In this section, the seismic performance of a retrofitted reinforced concrete (RC)

shear wall building is evaluated through substructure online hybrid tests. These

old buildings were constructed in 1970s in Beijing, China, featured with a

fishbone-type RC shear wall structural system and prefabricated RC claddings

as nonstructural enclosing. When being designed, very limited seismic specifi-

cations were considered. Recent field investigation reveals that the concrete

strength is quite low, and the longitudinal reinforcement ratio is much smaller

than that stipulated by the current seismic design code. More seriously, earth-

quake vibration of the fishbone-type structure is dominated by torsional vibra-

tion mode, a very poor seismic performance judged by engineering experience.

To improve the seismic performance, a new seismic retrofitting technology is

developed using prefabricated RC panels with sufficient steel rebars. The RC

claddings are first replaced by these RC panels, which are securely attached

to the existing structure by post-cast concrete. These RC panels thus constitute

two longitudinal shear walls parallel to the existing one. Further, each piece of

transverse wall is extended at both sides by the RC panels, which serve as

enhanced boundary elements. These transverse RC panels would be connected

tightly to the longitudinal RC panels to form a space structure with very large

stiffness in the plane and sufficient stability out of the plane. The performance

of this new type of structure, however, needs thorough examination with regards

to both construction techniques and seismic behavior.

8.2.2 Prototype and Substructures

To examine the performance of this new type of structure, a 14-story structure is

taken as an example. The seismic performance of the retrofitted structure is

investigated by substructure online hybrid tests. Due to the limited space of

the laboratory, a 1/2 scaled model only including the bottom eight stories were

tested. As shown in Fig. 8.1a, the specimen contains three bays in X direction

(longitudinal) and four bays in Y direction (transversal). The members within

B-C and C-D bays represent old buildings, while those align to D and B axes

represent the longitudinal RC panels, and the elements at the D-E and A-B bays

are transversal RC panels. These RC panels were poured in situ, but after the
part representing the old building completed. The total height of the tested struc-

ture model is 12.74 m, including a 0.5 m high foundation and a 0.7 m high load

beam above the roof of the specimen, as shown in Fig. 8.1b. The story heights

are all 1.45 m. The thickness of the shear walls is 80 mm for the part represent-

ing the old building, while 100 mm for the retrofitting RC panels. The gravity of

the upper stories is exerted to the tested structure model by using prestressed
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bars, and the axial force ratio of each wall of the specimen is maintained iden-

tical to the prototype. Considering that the structure is relatively weak in the

longitudinal direction, particularly due to many openings for windows and

doors, the pseudodynamic tests were carried out along the longitudinal

direction.

8.2.3 Dynamics of the Retrofitted Structure

Considering the limitation of laboratory facilities, the dynamics of the retro-

fitted structure was simplified as a 4-degree-of-freedom (DOF) mass-spring

system. The bottom eight stories, designated as the experimental substructure,

were simplified to be a 2-DOF system, and the upper six stories were simplified

to be another 2-DOF system, implemented as the simulated substructure. As

shown in Fig. 8.2, the floor masses were lumped to the closest DOF when deter-

mining the mass matrix. The initial stiffness matrix can be obtained through

numerical simulation or physical tests. In this example, it is obtained through

physical tests. The procedure is as follows: (1) K1 and K2, which represent

the equivalent stiffnesses of the bottom four stories and stories 5-8, respectively,

were obtained through initial quasi-static tests. It is found that K1 and K2 are

rather close. (2) The thickness of the shear wall of upper six stories is identical

to that of the bottom eight stories. Considering that K3 and K4 represent the

equivalent stiffnesses of the stories 9-11 and stories 12-14, respectively, K3

and K4 are taken to be 1.33 times of K1 and K2. (3) The stiffness of the entire

structure can be assembled using K1 to K4. The equations of motion are then

established for the prototype. The displacements obtained in the numerical

X

Y

Loading layer

Foundation beam

(a) (b)

,

FIGURE 8.1 Illustration of test structure model: (a) plan view and (b) elevation view.
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model are multiplied by a factor of 0.5 before loading to the tested structure, the

forces obtained from the tested structure are multiplied by a factor of 4 before

returning to the numerical model, and the stiffnesses obtained from the physical

tests are multiplied by a factor of 2 before assembling the stiffness matrix of the

dynamic model. The stiffnesses and masses of the dynamic model are given in

Table 8.1. Stiffness proportional damping is adopted, and the damping ratio is

taken to be 5% for the fundamental mode. The operator-splitting algorithm was

employed and the time interval was taken as 0.01 s.

8.2.4 Configuration of the Hybrid Test System

The configuration of the hybrid test system is shown in Fig. 8.3, where three

computers were employed, namely the dynamic solver, the experimental sub-

structure, and the controller. The experimental substructure communicates with

the dynamic solver through the Internet. A similar technique as that developed

in Chapter 6 is adopted for the networked-based data exchange. The computer

named “experimental substructure” is needed to coordinate transformation

between the local actuator coordinate and the global coordinate system. It is also

responsible of generating command signals for the external control of the

FIGURE 8.2 DOFs of the structure.

TABLE 8.1 Masses and Initial Stiffnesses of Structure Model

DOF 1 2 3 4

Mass (�103 kg) 632 553 474 237

Stiffness (kN/mm) 300 300 400 400
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controller, and acquiring the feedback forces from the data acquisition channels

of the controller. Note that the equipped servo controller, named SC6000© and

manufactured by Shore Western®, is an analog type. An AD/DA conversion is

thus necessary. The signal distribution and collection, as well as the AD/DA

conversion, are accomplished by a signal input and output device, NI-6259

USB© produced by National Instrument®. The voltage corresponding to the tar-

get displacement is output to the analog controller, which further drives the

servo valve attached to the actuator. Once the specimen is loaded to the

expected position, a voltage corresponding to the restoring force is measured

through a load cell inserted between the actuator piston and the specimen.

The NI-card then converts the analog voltage to a series of digital numbers.

A sampling rate of 100 Hz is adopted for both command generating and signal

acquisition processes.

8.2.5 Loading Scheme

According to the simplification of structural dynamics, the loading points were

arranged at the fourth and the eighth floors with two loading points for each

floor, because of the loading capacity of employed facilities, i.e., 1000 kN

for each. To avoid the local tensile failure at the loading points, compression

shall be always guaranteed. For this purpose, at the eighth floor, post-tensioned

strands were employed to put pre-compression on concrete beams. At the fourth

floor, an external steel loading beam was attached to the structure, as shown in

Fig. 8.4a. The gap between the steel beam and the specimen was eliminated by

post-cast high-strength cement. Loading facilities at the fourth floor were
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FIGURE 8.3 Configuration of the hybrid test system.
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connected to the steel beam. When pushing, the force passed directly to the

specimen.When pulling, the force was exerted as pushing on the specimen from

the opposite side of the loading facilities. Figure 8.4b shows the view of the

specimen with loading frames at the roof and the fourth floor, respectively.

8.2.6 Input Ground Motions and Intensity

A ground motion recorded at El-Centro during the 1940 Imperial Valley earth-

quake was selected as the input excitation. Figure 8.5 gives the time history of

the original ground motion. It was scaled in this study to 400 Gal corresponding

to the rare earthquake of Beijing with the exceedance probability of 2-3% in

50 years.
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FIGURE 8.4 Arrangement of loading points: (a) loading frame at fourth floor and (b) tested

structure.
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FIGURE 8.5 Acceleration time history of input ground motion.
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8.2.7 Measurement Scheme

Displacement transducers were arranged at floor level to measure the interstory

drift.As shown inFig. 8.6, 32displacement transducerswereused in totalwith four

at each floor.Among the four transducers for each floor, twowere in theXdirection
and two in theY direction.All the displacement transducerswere arranged close to

the edge of the structure model to check the possible torsion effects.

8.2.8 Test Results

Figure 8.7a shows the displacement response of each floor under the input

ground motion. It can be observed that the structure mainly vibrates in the first

vibration mode. The peak displacement at the top floor is 90 mm, which corre-

sponds to an overall structure displacement angle of 1/200, and the maximum

interstory drift angle is 1/190, not exceeding the interstory drift limit given in

the Chinese seismic design code, i.e., 1/120.

Figure 8.7b shows the hysteresis curve of base shear versus top displace-

ment. It can be observed that the structure suffers notable plasticity. As shown

in Fig. 8.7c and d, the coupling beam has been seriously damaged, and the bot-

tom of the shear walls has been crushed due to large compression forces.

8.3 APPLICATION EXAMPLE OF P2P INTERNET ONLINE
HYBRID TEST

8.3.1 Project Brief

In order to calibrate the safety margin of a steel structure designed in accordance

with Japanese seismic design code, the collapse of a one-bay, four-story steel

Vertical 
displacement
transducer

Vertical 
displacement
transducer

FIGURE 8.6 Arrangement of displacement transducers.
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moment frame is simulated by the proposed P2P Internet online hybrid test sys-

tem (see Chapter 7). The typical beam hinging mechanism, which is ensured by

a strong-column, weak-beam design, is reproduced. The plastic hinges at the

two column bases are taken as the experimental portions, while the superstruc-

ture is analyzed numerically by a general-purpose finite element program. The

implicit plastic rotations of the two column bases are treated as boundary dis-

placements. The three substructures are distributed to different locations. A

large ground motion is repeatedly imposed until the column bases lose their

capacity to sustain the gravity load. As a result, significant deterioration is

observed at both column bases.

8.3.2 Target Structure

The target structure, as shown in Fig. 8.8a, is a four-story moment frame with

two spans in the long direction and one span in the short direction. This structure

was designed using the current seismic design methods, and satisfies the Build-

ing Standard Law of Japan and all related design and construction codes. The

structure is studied in the short direction because it is relatively softer with a

natural period in this direction of 0.97 s. The floors are made of reinforced con-

crete slabs. The three pieces of planer frames running in the short direction are

identical in terms of the member sizes and steel grade, which are listed in

Table 8.2. Only the middle frame, as shown in Fig. 8.8b, is used as the
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FIGURE 8.7 Response of structure model: (a) displacement history, (b) hysteresis curve,
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simulation prototype because it sustains the largest gravity loads based on typ-

ical load distribution.

The two-dimensional frame is examined by pushover analysis, using ABA-

QUS to construct a finite element method (FEM) model for the middle frame.

Each column and beam is modeled as a line element with concentrated plasticity

at both ends to simulate the beam hinging mechanism, as shown in Fig. 8.9a.

The moment-rotation relationship of the inserted plastic hinge is treated as per-

fectly plastic. Although this model is somewhat simple for simulating the

behavior at large deformation levels, it does provide a general understanding

of the collapse behavior, in light of the fact that there are limited models which
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FIGURE 8.8 Four-story steel moment frame (unit: mm): (a) global view and (b) dimensions of

middle planar frame.

TABLE 8.2 Sections and Materials of Columns and Beams (Unit: mm)

Columns Beams

No. Section Material No. Section Material

4C2 □-300�9 BCR295a RG12 H-346�174�6�9 SN400a

3C2 □-300�9 BCR295 4G12 H-354�176�8�13 SN400

2C2 □-300�9 BCR295 3G12 H-400�200�8�13 SN400

1C2 □-300�9 BCR295 2G12 H-404�201�9�15 SN400

‘□’ refers to a tube section.
aSteel grade Japanese Industrial Standards.
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accurately predict the beam and column hinge behavior to large deformation

levels. The interaction between axial force and moment is considered for the

column hinges, but not for the beams, due to the small axial force experienced

by the beams. The effect of the concrete slab is not considered in this model. The

gravity load is evenly distributed at the top of each column for each floor level,

and structure level geometric nonlinearity, P-Δ effect, is considered for the col-

lapse simulation. The horizontal seismic force pattern follows theAi distribution

commonly used in Japanese seismic design. The analysis proceeded until the
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FIGURE 8.9 Results of pushover analysis: (a) FEM model, (b) base shear coefficient versus roof

displacement relationship, (c) sequence of plastic hinges, and (d) dynamic behavior of first story

using ground motion recorded at JR Takatori, at Hyogoken-Nanbu earthquake, 1995.
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structure lost its capacity to sustain the gravity loads, indicating collapse, as

shown in Fig. 8.9b where the base shear coefficient is plotted against the roof

displacement. The final deformation state is shown in Fig. 8.9c with the plas-

tification sequence. One round of time history analysis using the ground motion

recorded at JR Takatori during the 1995 Hyogoken-Nanbu earthquake was also

conducted. The relationship between the base shear coefficient and the roof drift

angle is shown in Fig. 8.9d. In both analyses, plastic hinges occur only at the

beam ends and column bases, while the columns remain in the elastic range

as expected from the “strong column, weak-beam design.”

8.3.3 Substructures

Significant strength deterioration will occur at the column bases, along with

local buckling and fracture when undergoing large deformation. This complex

behavior cannot be accurately represented by the plastic hinges employed in the

FEM model for the pushover analysis. Therefore, the two plastic hinges at the

column bases are tested physically, while the superstructure is treated numer-

ically, as shown in Fig. 8.10. The superstructure is to be simulated by ABAQUS.

The details of the FEMmodel are identical to the FEMmodel used for the push-

over analysis excluding the column bases. However, to treat the plastic hinges

experimentally is not straightforward, primarily because the plastic hinge does

not form until yielding occurs. To overcome this difficulty, a very large stiffness

is assigned to the experimental substructure to approximate its infinite initial

Numerical substructure 
1: Superstructure

Physical 
substructure 2: 

plastic hinge

Physical 
substructure 3: 

plastic hinge

M1, q1 M2, q2

FIGURE 8.10 Division to substructures.
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stiffness, so that a continuous performance is achieved. In doing so, it is

assumed that the plastic hinge and the rest of the column can be treated as

two springs in series with stiffness (kp) to be assigned to the plastic hinge. This

stiffness should be ideally infinite, but for practical purposes significantly larger

than the elastic stiffness of the column (kcol). Thus, the stiffness assigned to the
plastic hinge is taken as 10 times the column stiffness, kp¼10 kcol.

8.3.4 Improved Test Scheme of P2P Framework

The linear assumption for the tested substructures in the quasi-Newton procedure

may introduce some errors into the system (see Chapter 7). It is concluded that

a larger difference between the assumed stiffness and the actual stiffness intro-

duces a larger error. In this study, the large approximate stiffness adopted

for the plastic hinges will be taken as the assumed stiffness within the P2P

framework. A value of 10 times the stiffness of the column is selected to main-

tain the overall stiffness of the first story. However, the use of this fixed stiffness

value may introduce large excess energy during the post-yielding stage because

of the difference between it and the actual stiffness at this point, as shown in

Fig. 8.4. To reduce this excess energy, the secant stiffness is adopted to calculate

the restoring force of the tested substructure during the two round quasi-Newton

procedures. In the first round of the quasi-Newton procedure, the secant stiff-

ness obtained from the previous step is used. After physical loading, the secant

stiffness is updated using the measured moment and rotation for the second

round of the quasi-Newton procedure. Whenever unloading occurs, the secant

stiffness is updated by the initial stiffness. The excess energy introduced by the

secant stiffness is much smaller than that associated with the initial stiffness,

providing a more accurate response (Fig. 8.11).

8.3.5 Numerical Analyses by P2P Framework

In order to demonstrate the effectiveness of the improved test scheme using the

secant stiffness, two sets of numerical analyses are conducted using the P2P
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FIGURE 8.11 Improved test scheme using secant stiffness in linear assumption.

186 Development of Online Hybrid Testing



framework. The first uses the original initial stiffness scheme and the second

uses the improved secant stiffness scheme. The superstructure is simulated

using ABAQUS, and the two plastic hinges at the column bases are also sim-

ulated numerically adopting an elastic-perfect plastic model. For comparison, a

complete numerical analysis using the same FEM model used for the pushover

analysis is also performed. The fault-normal component of the 1995 JMA Kobe

ground motion is adopted for these analyses. A 28% difference in the displace-

ment response of the first story can be observed in Fig. 8.12a between the initial

stiffness scheme and the overall analysis, while the difference is rather limited,

3%, when comparing the secant stiffness with the overall analysis. It is also

observed in Fig. 8.12b that the initial stiffness scheme introduces more excess

0 1 2 3

Time (s)

D
is

pl
ac

em
en

t (
m

m
)

Fully analytical model

P2P initial stiffness

P2P secant stiffness

(a)

–3

–2

–1

0

1

2

3

–0.04 –0.02 0.00 0.02 0.04 0.06

Rotation (rad)

M
/M

p

Fully analytical model

P2P initial stiffness

P2P secant stiffness

(b)

–200

–100

0

100

200

FIGURE 8.12 Comparison between initial-stiffness prediction, secant-stiffness prediction, and

full numerical analysis: (a) displacement histories of first story and (b) hysteretic behavior of

one of the column base.

Application of an Online Hybrid Test Chapter 8 187



energy, 62%, than the secant stiffness scheme, 5%, when compared with the

overall numerical analysis. These comparisons demonstrate the effectiveness

of the improved test scheme.

8.3.6 Distributed Test Environment

For this online hybrid test, three substructures are included, namely the left

column base, the right column base, and the superstructure. These substructures

are each distributed to different locations: the structures laboratory on the Katsura

campus of Kyoto University, the structures laboratory on the Uji campus

of Kyoto University, and an office on the Katsura campus of Kyoto University,

respectively. The configuration of the distributed system is shown in Fig. 8.13.

In each of the tested domains, there are two similar sets of loading facilities. In

the office on the Katsura campus, a computer is used to run the ABAQUS anal-

ysis. The “Coordinator” program runs on a computer at an office on the Uji cam-

pus. Communication between all domains requires a proxy program due to the

presence of a firewall in each network. Details of this data exchange scheme are

similar to those described in Chapter 6.

8.3.7 Implementation of Tested Substructures

The plastic rotations of the two column bases are implemented as the boundary

displacements. Such a treatment is unique, in that only the plastic hinge is con-

sidered as the experimental substructure, thus avoiding difficulties in assuming

a finite length of the plastic hinges. However, the plastic rotations cannot be

imposed directly to the tested substructures. For this reason, a cantilever column
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FIGURE 8.13 Distributed online hybrid test system.
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is designed so that the plastic rotation can be imposed as a translational

displacement. The plastic hinge forms at the fixed end of the cantilever column,

and the plastic rotation is controlled by the horizontal displacement at the free

end. The target horizontal displacement equals the sum of the displacement

induced by the plastic rotation at the column base and the elastic deformation

of the cantilever column, as Equation (8.1). The elastic stiffness of the specimen

is obtained from preliminary quasi-static tests. To achieve the exact solution

from Equation (8.1), the moment value should be the one measured from the

specimen. However, this moment cannot be obtained unless the physical load-

ing is conducted. To avoid such an impasse, the value obtained from the first

round quasi-Newton procedure is used instead.

δn+ 1 ¼ Lθc,n+ 1 +
M�

n+ 1

Kc

(8.1)

δn+1 is the target loading displacement; L is the distance from the center of the

top connector to the base plate; θc,n+1 is the predicted plastic rotation from the

first round of the quasi-Newton procedure; Kc is the elastic stiffness of speci-

men; M�
n+ 1 is the predicted moment from the first round of the quasi-Newton

procedure.

The cantilever column for each substructure is a cold-formed, box section,

steel tube with a width-thickness ratio of 33. The column section is scaled to 2/3

of the prototype. The plastic rotation of the specimen is identical to that of the

prototype, while the corresponding moment is scaled to 8/27 [¼(2/3)3] of that of

the prototype. The height of the specimen is chosen according to the facility

setup in each laboratory, 1186 mm for the specimen located in the Katsura lab-

oratory, and 1265 mm for the specimen located in the Uji laboratory. The can-

tilever column is welded to a base plate, which is securely fastened on the

foundation beams using high-tension bolts. The tension in the bolts is enough

to prevent the base plate from rotating, so that it can be treated as a fixed end.

The top end of the cantilever column is connected to the two jacks, one hori-

zontal and one vertical, as shown in Fig. 8.14. The horizontal jack is controlled

by displacement to achieve the corresponding plastic rotation, while the vertical

jack is controlled by force and provides the varying axial force obtained based

on the previous analysis step of the numerical substructure.

8.3.8 Distributed Test

The P2P framework using the improved test scheme is employed to conduct the

online hybrid simulation of the target structure. A time interval of 0.01 s is

adopted. The fault-normal ground motion recorded at the JR Takatori station

during the 1995 Hyogoken-Nanbu earthquake is used. The ground motion is

enlarged by 1.5 times to ensure severe damage to the column base and eventual

collapse. The enlarged ground motion has a peak pseudovelocity of approxi-

mately 9.8 m/s. Only the first 10 s of the ground motion, which contains the
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largest components of the acceleration, are considered and repeated twice to

achieve a full collapse of this structure. After the first application of the ground

motion, the structure is allowed to undergo free vibration for one-second before

the second application of the ground motion until collapse. The entire input

ground motion adopted for this study is shown in Fig. 8.15.

8.3.9 Verification of P2P Framework

The roof displacement response obtained using the P2P framework is plotted in

Fig. 8.16a and compared with the results when the structure is only analyzed

numerically. The same FEM model as that used for the pushover analysis is
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FIGURE 8.14 Test specimen (Unit: mm): (a) specimen for left column base (Katsura Laboratory)

and (b) specimen for right column base (Uji Laboratory).
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used for the numerical analysis of the entire frame. The responses for the first 3 s

are similar to each other with a maximum difference of only 4%, which dem-

onstrates the validity of the P2P framework. After the first 3 s, significant dif-

ferences can be observed. For the P2P test, local buckling occurs at the column

bases and a degradation of the strength is observed. For the FEM analysis, the

perfectly plastic model adopted for the plastic hinges cannot simulate such deg-

radation, as shown in Fig. 8.16b. Furthermore, it is observed from the P2P test

results that the maximum moment relative to the plastic moment of the column

bases is smaller than one because of the interaction between the moment and

axial force. The perfectly plastic model, however, does not consider the axial

force-moment interaction. The benefits of physically testing the two column

bases are evident. It also should be noted that, although the behavior of each
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tested substructure appears to be unstable, the P2P framework works smoothly

and convergence is guaranteed. These observations demonstrate that the P2P

framework is capable of handling multiple tested substructures with significant

unstable behavior.

8.3.10 Efficiency of P2P Framework

The numbers of iterations during the first and second rounds of the quasi-

Newton procedure are plotted in Fig. 8.17a with respect to the time step. The

first round of the quasi-Newton procedure required 1-2 iterations to reach con-

vergence for all steps, while the second round of the quasi-Newton procedure

needed 1-4 iterations for small responses and 4-6 iterations for larger responses.
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On average, the first and second rounds of the quasi-Newton procedure required

1.3 and 2.3 iterations, respectively.

The simulation continues until collapse occurs 19.12 s into the input motion,

meaning, 1912 steps of simulation in total were conducted. The entire simula-

tion required approximately 16.6 h. Figure 8.17b shows the time consumed by

each substructure. The ABAQUS simulation for the superstructure required

6.2 h. A total of 9.6 and 5.5 h were needed for the left and right experimental

column base substructures on the Katsura campus and Uji campus, respectively.

The computation time consumed by the “Coordinator” program and the com-

munication time are approximately zero. The difference between the two tested

substructures can be attributed to the differences in the loading facilities used

for each substructure. Note that the implementation of the tested substructures

in the P2P framework is in parallel. Thus, if the loading of one specimen fin-

ishes, the procedure must wait for the later to finish, as well, before continuing.

This waiting time exists for both tested substructures, 0.8 and 4.9 h for the left

and right column bases, respectively. However, the parallel nature of the P2P

system improves the efficiency by 22% [¼(6.2+9.6+5.5�16.6)/21.3].

8.3.11 Practical Evaluation of Collapse Limit of the Frame

In the FEMmodel of the superstructure, the concrete slab is not simulated and it

is observed that the plastic hinges first occur at the beam ends during the sim-

ulation, followed by the formation of hinges at the column bases. Therefore,

once the column bases lost their ability to sustain the loads, the structure starts

to collapse due to P-Δ effects. Thus, a redistribution of the large moment to the

top ends of the columns at the first story does not occur. In this study, the col-

lapse is defined as the monotonic increase of the horizontal displacement of the

superstructure. The rotation time histories of the two column bases are plotted in

Fig. 8.18a. The column bases survived after several cycles of large deformation

up to 0.1 rad, which is significantly larger than that considered in the seismic

design code. After 18.71 s of the input motion, the rotations in the left and right

column bases increased monotonically from �0.062 to �0.068 rad until

exceeding �0.15 rad at 19.11 and 19.05 s, respectively. The vertical displace-

ment is also examined for the right column base located on the Uji campus. At

18.71 s, the ability of the specimen to sustain axial load diminished resulting in

a sharp increase in the vertical displacement, as shown in Fig. 8.18b. The sim-

ulation is terminated at 19.12 s when the stroke capacity of the loading facility

at the Uji laboratory is reached.

8.3.12 Complex Behavior of Column Bases

The relationship between the moment and plastic rotation for the two column

bases is plotted in Fig. 8.19, with the moment normalized by the full-plastic

moment. The shape of the sections at various instances is also shown, together
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with the loading direction at that time. Significant differences in the hysteretic

behavior can be observed from these figures, which is primarily attributed to the

varying axial force imposed on the two column bases. Figure 8.20 shows the

axial force time histories for the two column bases, which are given as the axial

force ratio, i.e., the axial force normalized by the plastic axial force. The axial

force ratio imposed on each specimen varies between �0.02 and 0.32, where

compression is defined as positive. Given that the moment capacity of the col-

umn bases varies with axial load, these ranges of axial force can have a signif-

icant effect on the behavior of the individual column bases. At the maximum

axial force ratio of 0.32, which occurs in the left column base at 2.96 s, the
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full-plastic moment capacity cannot be achieved. Only 88% of the plastic

moment capacity is obtained before first buckling occurred in the positive direc-

tion. For the right column base, the full-plastic moment can be achieved at first

buckling, because the axial force ratio is approximately zero.

As a result of the varying axial load, the left column base experiences buck-

ling in the positive direction at an earlier point, 2.96 s, than the right column

base, 3.06 s. Comparing the axial force ratios at these times shows that the left

column has a much larger compression force, 0.32, compared with the right col-

umn base, 0.0. The larger axial force ratio causes the left column to first undergo

buckling at a much smaller plastic rotation of 0.004 rad compared with the right

column base which first underwent buckling at a plastic rotation of 0.011 rad.
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The resulting strength degradation at this point is more significant for the left

column base with a decrease from 0.88 to 0.5 as compared with the right column

base, which decreased from approximately 1.0-0.9, as a result of there being

almost no axial force on the right column base at the onset of first buckling.

However, the degradation rate does switch for the two column bases when they

buckle in the negative direction due to a decrease in the axial force ratio of the

left column base (0.07) and an increase in the axial force ratio of the right col-

umn base (0.28). The results show the complexity of moment rotation behavior

associated with the formation and deterioration of plastic hinges at the column

base, particularly due to the varying axial load.

The behavior of the two column bases after buckling in the negative direc-

tion is of interest. The strength of the left column base degrades from �0.42 to

�0.38, but then increases to �0.8. The reason for this increase is that the axial

force ratio, �0.02, is small, resulting in limited buckling deformation allowing

for moment capacity to increase after initial buckling. This behavior is not

observed in the right column base due to the large axial force ratios when defor-

mation occurs in the negative direction. The right column base shows contin-

uous strength degradation from �0.82 to �0.27.

Consequently, the different axial load histories result in different failure

states, as shown in Fig. 8.21. For the left column base, fracture occurs on the

surface in the positive loading direction due to the significant accumulation

of plastic deformation at this surface. The fracture starts from the rounded cor-

ners of the steel tube and moves toward the middle. Eventually, the initial frac-

ture penetrates the entire surface. Local buckling on the opposite surface of the

left column base is limited. For the specimen located at the Uji campus, signif-

icant local buckling on both loading direction surfaces is observed, but fracture

did not initiate.
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8.4 SUMMARY AND CONCLUSIONS

This chapter gives two applications of an online hybrid test in engineering prac-

tice to demonstrate its utility and efficiency. An online hybrid test successfully

applied to a retrofitted structure to investigate its seismic behavior is first intro-

duced. Although simple, the online hybrid test framework works effective and

performs stably. The simplifications adopted in this study could be an option

when testing complex structures but with simple dynamics. The results obtained

from the experiment demonstrate that the proposed retrofitting technology is

one of the feasible approaches to enhance the seismic performance of high-rise

shear wall buildings with limited seismic detailing.

Then, the seismic simulation of a four-story steel moment frame using an

improved P2P online hybrid test system is presented. The entire structure is

divided into three substructures. The superstructure is treated numerically using

ABAQUS, while the two plastic hinges at the column bases are the experimen-

tal substructures, which are physically tested in different locations. A strong

ground motion is employed and imposed on the structure twice to ensure col-

lapse after significant strength deterioration of the column bases. The P2P

online hybrid test system encountered no significant problems in dealing with

this highly unstable behavior and the experimental substructures in multiple

locations. The major findings are summarized as follows:

(1) In order to improve the accuracy of the P2P framework when applied to

tested substructures with distinct initial and post-yielding stiffness, the lin-

ear assumption is updated by using the secant stiffness based on the previ-

ous loading force and displacement.

(2) The improved P2P framework is able to handle multiple tested substruc-

tures. The obtained results are deemed more accurate than those obtained

from the fully analytical FEM model. By testing the column bases, the

strength deterioration due to the local buckling and fracture can be accu-

rately obtained, while it is rather difficult to simulate this behavior

(a) (b)

FIGURE 8.21 Local buckling and fracture of column bases: (a) left column base (Katsura) and

(b) right column base (Uji).
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numerically. The improved P2P framework is demonstrated to be stable

even though the tested substructures have significant unstable behavior.

(3) Collapse behavior of a steel moment frame is simulated reasonably using

the P2P system. Significant deterioration at column bases is observed. The

column bases sustained a varying axial force and survived after several

cycles of large deformation up to 0.1 rad, which is much larger than that

considered in the current seismic design codes. It is also observed that

the varying axial force affects the behavior of column bases significantly.
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The online hybrid test has a history of more than 30 years, and it has been dem-

onstrated as an effective approach for the earthquake response simulation of

structures. The test, when combined with substructuring techniques, is called

a “substructure online hybrid test,” and is particularly appealing for the earth-

quake response simulation of large-scale structures. Recently, some major

improvements of the substructure online hybrid test are concentrated on the

displacement-force mixed control, the incorporation of finite element source

codes for numerical substructures, and the distribution of substructures to dif-

ferent locations geographically. Most previous applications of the substructure

online hybrid test combined with finite element programs, however, require

modification of the source code to interact with the experimental substructures,

which makes the online hybrid test system too rigid to be implanted from one

structural test environment to another. The concept of the geographical distri-

bution of substructures was proposed several years ago, and a few real applica-

tions were carried out. To fully take advantage of “distributed testing,” it is

important to standardize and simplify the interfaces of diverse subsystems so

that they can be effectively incorporated into an integrated Internet test system.

For these two reasons, it is beneficial if each substructure is highly encapsulated

with standard interfaces for interaction with other substructures. In this study,

most effort focuses on the development and application of four online hybrid

test systems.
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The first system is the online hybrid test using displacement-force mixed
control. Two types of mixed control are devised: the displacement-force “com-

bined control” and “switching control.” In the first type, one jack is operated in

displacement-control, while the other jack is operated in force-control. In the

second type, one actuator is controlled by displacements sometimes and by

force otherwise, depending on the state of the layer.

The second system is the Internet online hybrid test system using a host-
station framework. This system consists of the host, stations, and data exchange

interfaces. The test and analyses are conducted at separate locations, and the

data necessary to exchange between them are transmitted over the Internet.

In the system, the substructure online test is considered, and the test is combined

with a finite element method (FEM) type of program that adopts incremental

formulation and implicit integration algorithms.

The third system is the Internet online hybrid test system using a separated-
model framework into which a general-purpose FEM program is incorporated.

Two separated models are adopted in this system; one for the dynamics and the

other for the hysteretic behavior of the structure to be analyzed. The equations

of motion are formulated for the entire structure, while the hysteretic behavior is

obtained from sophisticated FEM models or from experiments directly. In this

framework, all substructures are treated equally, which makes the system more

versatile, since various FEM programs or experiment facilities can be selected

for different substructures according to their individual characteristics. The sys-

tem utilizes a high-speed data exchange procedure using a socket mechanism.

The fourth system is the Internet online hybrid test system using a peer-to-
peer framework. A “Coordinator” equipped with an iterative algorithm based on

the quasi-Newton iteration is developed to achieve compatibility and equilib-

rium between substructures. A test procedure, featuring two rounds of quasi-

Newton iterations and using the assumed elastic stiffness, is adopted to avoid

iteration for the substructure being tested physically. In this system, the equa-

tions of motion are formulated not for the entire structure, but for each substruc-

ture, treating all substructures equally and independently. Each substructure is

encapsulated, and only standard input and output (I/O), i.e., displacements and

forces at the boundaries, are used as interfaces. Multiple general-purpose finite

element (FEM) programs can be incorporated into this system in accordance

with the characteristics of respective numerical substructures.

This book consists of nine chapters. Chapter 1 is the background of this

study, and this chapter gives the summary and conclusions. Chapters 2–8 con-

stitute the main part of the book: (1) basics of time integration algorithms;

(2) typical time integration algorithms; (3) online hybrid test using mixed con-

trol; (4) Internet online hybrid test using host-station framework; (5) separated-

model framework and its demonstration examples; (6) peer-to-peer (P2P)

framework, its preliminary demonstration test, and its convergence speed inves-

tigation; (7) application in engineering practice. The major findings of each

chapter are summarized below.
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9.1 TIME INTEGRATION ALGORITHMS

In Chapter 2, the basics of time integration algorithms, which are important to

solve the equations of motion of online hybrid tests, are introduced. The existing

time integration algorithms are grouped into such families as: (1) linear multi-

step methods; (2) Newmark’s family; (3) collocation methods; (4) α-family;

(5) ρ-family; and (6) mixed implicit-explicit methods. The superiority of one

family over the others is summarized in terms of the following rules: (a) self-

restart procedure; (b) second-order accuracy; (c) unconditional stability; and

(d) optimal and controllable numerical dissipation.

(1) Most linear multistep methods require information of several previous

steps and thus are not self-started. By carefully selecting the difference

equations for the acceleration and velocity terms, the other three rules

can be satisfied.

(2) Newmarks’ family methods are self-started. If the parameters are carefully

selected, the second-order accuracy and unconditional stability can be

achieved. The numerical dissipation, however, exists only when the

method is first-order accurate. Furthermore, numerical dissipation of the

methods is not necessarily desirable, since it may affect the lower modes

significantly.

(3) Collocation methods, α-family methods, and ρ-family methods can satisfy

all of four rules.

(4) The numerical properties of mixed implicit-explicit methods are different

for the implicit and explicit domains. They are quite dependent on the algo-

rithm adopted for each domain.

Summarized in Chapter 3 are implementations of some notable time integration

algorithms for the online hybrid test. They are categorized into: (1) application

of explicit algorithms and (2) applications of implicit algorithms.

(1) Explicit algorithms are most convenient and easier to be incorporated into

the online hybrid test system but most of them have time interval

limitations.

(2) Implicit algorithms are always appealing in terms of unconditional stability

and numerical dissipation. Difficulties are encountered, however, when

applied to online hybrid tests. The main concern is that the iterative pro-

cedures required in implicit algorithms may introduce undesirable loading

and unloading in tested structures whose hystereses are path-dependent.

9.2 ONLINE HYBRID TEST USING MIXED CONTROL

In Chapter 4, an online test technique that employs mixed control of displace-

ment and force is presented. Indeed, displacement-control is not practicable

when the structure is too stiff to accurately control the loading actuator’s dis-

placement. Two types of mixed control are considered. One is called “combined
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control,” in which one jack is force-controlled and the other is displacement-

controlled, with fine tuning of motion of the two jacks; and the other is called

“switching control,” in which one jack is operated by displacement-control but

switched to force-control upon request. The proposed mixed control technique

was used to simulate earthquake responses of an eight-story base-isolated struc-

ture. The superstructure and base-isolation layer were assigned as the computed

part and tested part, respectively. The superstructure was treated as a mass-

spring system, with one mass per floor and one horizontal and one vertical

spring per story.

“Combined control” was applied to simulate the earthquake responses of the

base-isolated structure when subjected to both horizontal and vertical ground

motions. A horizontal jack was used to impose lateral displacement of the

base-isolation layer (displacement-controlled), and a vertical jack was used

to impose axial forces on the layer (force-controlled). The force applied was

given as the product of the assumed stiffness and the vertical displacement

(estimated by the direct integration of the associated equations of motion). In

consideration of rather strong dependency of the horizontal stiffness of the

base-isolation layer on the vertical stresses imposed on the layer, application

of varying axial forces in tune with the horizontal deformations is justified.

The online test with the proposed mixed control was successful, with accurate

displacement- and force-control achieved for both jacks.

“Switching control” was applied to simulate the earthquake responses of the

base-isolated structure when subjected to large vertical motions and hence

involving tension in base-isolation layer. To consider significant differences

in stiffness when the layer takes compression and tension, force-control (similar

to the one used in combined mixed control) was adopted when taking compres-

sion and switched to displacement-control once taking tension. Switching from

force to displacement or vice versa was satisfactory, particularly when adopting

time-varying integration to specify the precise switching point.

9.3 INTERNET ONLINE HYBRID TEST USING HOST-STATION
FRAMEWORK

Chapter 5 presents an Internet online test system developed for the simulation of

earthquake responses of structures. The system consists of the host, stations, and

data exchange interfaces. In the system, the substructure online test is consid-

ered, and the test is combined with a FEM type of program that adopted incre-

mental formulation and implicit integration algorithms. The test and analysis

are conducted at separate locations, and the data necessary to exchange between

them are transmitted over the Internet. A procedure of sharing files and folders

implemented by standard operating systems is adopted for the data exchange.

The procedure does not require special permission for transmitting data across

firewalls and other security restrictions; hence the data exchange is accessible

and easily implemented. The stability and security of the data exchange

202 Development of Online Hybrid Testing



procedure was verified through 6000 rounds of data transmission; not a single

problem was encountered. The host analyzes the computed parts, collects infor-

mation from the stations, and simulates the response of the entire structure. A

tangent stiffness prediction method is proposed by which the information

obtained from the physical online test can be incorporated into a numerical anal-

ysis program that utilizes incremental formulation and implicit integration algo-

rithms. The proposed stiffness prediction method makes use of the force and

displacement data of the previous three steps. The method was compared with

various alternatives for the stiffness prediction, and its effectiveness was dem-

onstrated by a series of physical tests applied to a base-isolated building model.

9.4 SEPARATED-MODEL FRAMEWORK AND ITS
DEMONSTRATION EXAMPLES

Chapter 6 presents a substructure online hybrid test into which a general-

purpose FEM program is incorporated. This test uses the separated-model

framework, in which two models are set up for the dynamics and the static

behavior of one structure, respectively. Such a program is powerful and versa-

tile in increasing the modeling accuracy for the numerical portion, thus enhanc-

ing the applicability of the substructure online hybrid test. The decisive

challenge in this new development is how to combine the test with a FEM pro-

gram in which modifications of the source code are strictly prohibited. The pro-

posed framework was demonstrated by an eight-story base-isolated structure

considering the collision effect with the surrounding retaining walls. The fol-

lowing conclusions were found from the studies for the proposed distributed

online hybrid test system:

(1) In many structures, the structural dynamics can be represented by a fewer

degrees of freedom than the structural static hysteresis. The static behavior

of the structure is simulated by sophisticated FEM models and test speci-

mens. Therefore, the models with different sophistication can be adopted

for dynamics and static behavior, respectively. This separation makes the

substructure online hybrid test system more versatile.

(2) The explicit Newmark method is not necessarily the only time integration

algorithm that can be used for this system. Any time integration algorithm

can be adopted. Implementation for the other time integration algorithms,

such as implicit algorithms, may have hardware requirement. In this study,

the explicit Newmark method is adopted only because of its simplicity.

(3) The high-speed data exchange scheme using a socket mechanism based on

TCP/IP protocol is demonstrated to be stable and fast. In this study, transfer

of data requires almost no time.

(4) The standard I/O scheme is employed for the incorporation of general-

purpose FEM programs. There is no need to modify the source code of

these programs, thus the system can be easily implanted for structural
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laboratories having different analytical tools. The key component in the use

of the standard I/O only is the repeated adoption of the restart capacity

offered as a standard procedure by many FEM programs.

(5) The time required for each step of the FEM analysis increased almost lin-

early over time, because of the longer overhead time needed for restarting

with an increasing number of previous steps. A total of 7.8 h were needed

to complete the test. Out of the total hours, the time needed was 4.2 h for

the physical test (i.e., loading) and 6.7 h for the numerical analysis (includ-

ing I/O). The loading and numerical analyses ran in parallel. The test was

made quasi-statically; hence the overhead time associated with restarting

was not a serious drawback in terms of the time efficiency.

(6) The response of the superstructure would increase greatly after collision

takes place.

(7) The plastification is limited mainly in lower several stories, and amplifica-

tion of the displacement responses decrease with the height.

(8) The collision effect would lessen in subsequent collisions, because the gap

between the base-isolation layer and surrounding retaining wall would

increase by previous collisions.

(9) Although the groundmotion was enlarged by two times a very large motion

recorded in the 1995 Kobe earthquake, collision occurred only three times,

meaning that the gap commonly adopted in Japanese design law of 500-

600 mm is generally sufficient.

9.5 P2P FRAMEWORK AND ITS PRELIMINARY
DEMONSTRATION TEST

The P2P Internet online hybrid test system proposed in Chapter 7 is a distributed

online hybrid test system using the substructuring technique. In this system, the

simulated structure is divided into multiple substructures. All substructures are

equally treated and geographically distributed to various laboratories, which

enables the system to integrate the resources of various laboratories for seismic

simulation of large-scale structures. A central part called “Coordinator” is

devised to achieve the compatibility and equilibrium on the boundaries between

the substructures. Each substructure is implemented as a highly encapsulated

and independent “Partner” with limited data on the boundary, such as displace-

ments and reactional forces, exchanged with the “Coordinator.” Each “Partner”

can be treated as the experimental part or analytical part according to the user’s

option. The system is characterized with the following features:

(1) The equations of motion are formulated for each substructure separately, but

not for the entire structure as did in the conventional substructural online

hybrid test. The size of the equations ofmotion is reduced. Therefore, a faster

computation may be achieved. The separated formulation also enables the
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parallel computation of substructures which is known to increase the capac-

ity and efficiency significantly for computation of large systems.

(2) An iterative quasi-Newton procedure is employed by the “Coordinator” to

satisfy the boundary conditions between all substructures. The implemen-

tation in the “Coordinator” in fact is an equation solution procedure for the

boundaries. Any type of Newton’s method can be chosen for this solution.

The exact amplification matrix, i.e., the stiffness matrix that is only related

to the boundaries, however, is unavailable because of the involvement of

experimental substructures. The quasi-Newton procedure devised in this

study is the best choice, because it does not need any exact stiffness,

and the convergence rate is super-linear.

(3) A testing scheme featuring a two-round quasi-Newton procedure is devised

to avoid iteration for the substructures being tested physically. This is a typ-

ical predicting and correcting scheme, each corresponding to one round

quasi-Newton procedure. In one step of analysis, the experimental sub-

structures are always assumed to be linear elastic, and the nonlinearities

are taken into consideration only by the one-time loading between the pre-

dicting and correcting quasi-Newton procedures. This linear assumption

may introduce numerical damping into the system, which is deemed help-

ful for suppressing higher mode responses that may be generated by the

experimental errors.

(4) The incorporation of existing finite element programs into the online

hybrid test system is believed to be able to increase the versatility of online

hybrid tests, particularly the accuracy of the behavior of the computed part.

It would be much more effective if a highly encapsulated finite element

program could be incorporated into the online test system as a black

box, accessible only through standard I/O. Restart capability is the key

to realize this application. Two kinds of restart are employed by this sys-

tem, i.e., “iterative restart” and “step-wise restart.” “Iterative restart” is a

procedure used to find the true state of the current step, which always

restarts from the true state of the previous step. “Step-wise restart” is

the last step of the “iterative restart.” It records the true state of each step.

(5) The reactional force acquired from each substructure is a dynamic reac-

tional force, which includes the effect of the inertia force and the viscous

damping force on the boundary.

(6) It is unnecessary for the substructures to have the same damping. This is very

appealingwhen the characteristics of substructures are significantly different.

(7) A fast and stable solution using a socket mechanism is developed for data

exchange over the Internet, and an Internet hybrid test environment is con-

structed. The interfaces of diverse “Partners” are standardized and simpli-

fied, so that they can be incorporated effectively into the integrated Internet

test system. Such standardization and simplification also require the sub-

structures to be highly encapsulated.
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(8) The relative unbalanced energy is the most suitable convergence criterion

for the iterative quasi-Newton procedure, which converges no matter how

the structure is divided and how many boundary degrees of freedom. Fur-

thermore, more degrees of freedom are associated with the boundaries and

a larger number of iterations is needed. Also, a good approximation of the

initial stiffness matrix associated with the boundaries may reduce the num-

ber of iterations greatly. This helps with the improvement of efficiency of

the P2P framework.

(9) The convergence of the two-round quasi-Newton test scheme is guaranteed

if the referenced stiffness (normally the initial stiffness) is not smaller than

the actual stiffness. The P2P system is accurate when the integration time

interval is small, and commensurate in accuracy with the averaged accel-

eration algorithm for larger sampling frequencies.

9.6 THE APPLICATION OF ONLINE HYBRID TEST IN
ENGINEERING PRACTICE

Chapter 8 gives two applications of the online hybrid test in engineering prac-

tice to demonstrate its utility and efficiency. An online hybrid test successfully

applied to a retrofitted structure to investigate its seismic behavior is first intro-

duced. Although simple, the online hybrid test framework works effectively and

performs stably. The simplifications adopted in this study could be an option

when testing complex structures but with simple dynamics. The results obtained

from the experiment demonstrate that the proposed retrofitting technology is

one of the feasible approaches to enhance the seismic performance of high-rise

shear wall buildings with limited seismic detailing.

Then, the seismic simulation of a four-story steel moment frame using an

improved P2P online hybrid test system is presented. The entire structure is

divided into three substructures. The superstructure is treated numerically using

ABAQUS, while the two plastic hinges at the column bases are the experimen-

tal substructures, which are physically tested in different locations. A strong

ground motion is employed and imposed on the structure twice to ensure col-

lapse after significant strength deterioration of the column bases. The P2P

online hybrid test system encountered no significant problems in dealing with

this highly unstable behavior and the experimental substructures in multiple

locations. The major findings are summarized as follows:

(1) In order to improve the accuracy of the P2P framework when applied to

tested substructures with distinct initial and post-yielding stiffness, the lin-

ear assumption is updated by using the secant stiffness based on the previ-

ous loading force and displacement.

(2) The improved P2P framework is able to handle multiple tested substruc-

tures. The obtained results are deemed more accurate than those obtained

from the fully analytical FEM model. By testing the column bases, the
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strength deterioration due to the local buckling and fracture can be accu-

rately obtained, while it is rather difficult to simulate this behavior numer-

ically. The improved P2P framework is demonstrated to be stable even

though the tested substructures have significant unstable behavior.

(3) Collapse behavior of a steel moment frame is simulated reasonably using

the P2P system. Significant deterioration at column bases is observed. The

column bases sustained a varying axial force and survived after several

cycles of large deformation up to 0.1 rad, which is much larger than that

considered in the current seismic design codes. It is also observed that

the varying axial force affects the behavior of column bases significantly.
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List of Exiting Time Integration
Algorithms
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Method Formulation Stability condition Accuracy

Central difference method
(CDM) man + cvn + kdn ¼ fn

an ¼ dn+ 1�2dn + dn�1ð Þ=Δt2
vn ¼ dn + 1�dn�1ð Þ=2Δt

Ω< 2

ffiffiffiffiffiffiffiffiffiffiffiffi
1�ξ2

q
Second order

Trapezoidal rule man + 1 + cvn + 1 + kdn+ 1 ¼ fn + 1
vn + 1 ¼ 2 dn + 1�dnð Þ=Δt�vn
(Note that the equation of motion is first cast
into a set of first-order ordinary differential equations
and then using the difference equation.)

Unconditionally stable Second order

Gear’s two-step method man + 1 + cvn + 1 + kdn+ 1 ¼ fn + 1
vn + 1 ¼ 3dn + 1�4dn + dn�1ð Þ=2Δt

Unconditionally stable Second order

Houbolt’s method man + 1 + cvn+ 1 + kdn+ 1 ¼ fn + 1
an+ 1 ¼ 2dn+ 1�5dn + 4dn�1�dn�2ð Þ=Δt2
vn + 1 ¼ 11dn + 1�18dn + 9dn�1�2dn�2ð Þ=6Δt

Unconditionally stable Second order

Park’s method man+ 1 + cvn+ 1 + kdn + 1 ¼ fn+ 1
vn+ 1 ¼ 10dn+ 1�15dn + 6dn�1�dn�2ð Þ=6Δt

Unconditionally stable Second order

Average acceleration
method

man+ 1 + cvn+ 1 + kdn+ 1 ¼ fn+ 1
dn + 1 ¼ dn +Δtvn + 0:25Δt2 an + an + 1ð Þ
vn+ 1 ¼ vn + 0:5Δt an + an + 1ð Þ

Unconditionally stable Second order

Linear acceleration
method

man+ 1 + cvn+ 1 + kdn+ 1 ¼ fn+ 1
dn + 1 ¼ dn +Δtvn +Δt2an=3 +Δt2an + 1=6
vn+ 1 ¼ vn + 0:5Δt an + an + 1ð Þ

ωΔt <2
ffiffiffi
3

p
Second order

Continued



Method Formulation Stability condition Accuracy

Fox–Goodwin method
man + 1 + cvn + 1 + kdn+ 1 ¼ fn + 1
dn + 1 ¼ dn +Δtvn + 5Δt2an=12+Δt2an+ 1=12
vn + 1 ¼ vn + 0:5Δt an + an + 1ð Þ

ωΔt <
ffiffiffi
6

p
Fourth order

Explicit Newmark-β
method

man+ 1 + cvn+ 1 + kdn + 1 ¼ fn+ 1
dn+ 1 ¼ dn +Δtvn + 0:5Δt2an
vn+ 1 ¼ vn + 0:5Δt an + an+ 1ð Þ

Ω< 2

ffiffiffiffiffiffiffiffiffiffiffiffi
1�ξ2

q
Second order

Modified Newmark-β
method

man + 1 + cvn+ 1 + 1 + αð Þk + ρm=Δt2½ �dn + 1
� αk + ρm=Δt2ð Þdn ¼ fn + 1
dn+ 1 ¼ dn +Δtvn + 0:5Δt2an
vn + 1 ¼ vn + 0:5Δt an + an+ 1ð Þ

ðα� 0 and ρ< 0Þ

γ-Function explicit method man+ 1 + cvn+ 1 + kdn + 1 ¼ fn + 1
dn+ 1 ¼ dn +Δtvn + 0:5Δt2an
vn + 1 ¼ vn +Δt 1� γð Þan +Δtγan+ 1
γ¼ 0:5 +

X1
i¼1

�1ð Þi+ 1ci Δt2k=m
� �2i�1

, ci is a constant:

γ� 0:5

Ω< 2= γ�0:5ð Þ
Second order

Chung explicit method man+ 1 + cvn+ 1 + kdn + 1 ¼ fn+ 1
dn+ 1 ¼ dn +Δtvn + 0:5�βð ÞΔt2an + βΔt2an+ 1
vn+ 1 ¼ vn +Δt 1:5an + 1�0:5anð Þ

1� β� 28

27

Ω� 2=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4β�3

p
Second order
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Method Formulation Stability condition Accuracy

Chang explicit method
man + 1 + cvn + 1 + kdn+ 1 ¼ fn + 1
dn+ 1 ¼ dn + β1Δtvn + β2Δt2an
vn + 1 ¼ vn + 0:5Δt an + an + 1ð Þ
β1 ¼

1 + 0:5Δtc=m
1 + 0:5Δtc=m+ 0:25Δt2kI=m

β2 ¼
0:5

1 + 0:5Δtc=m+ 0:25Δt2kI=m

Unconditionally stable Second order

Wilson-θ method man+ θ + cvn+ θ + kdn + θ ¼ fn+ θ
an + τ ¼ an + an + 1�anð Þτ=Δt2
vn+ τ ¼ vn + anτ + an + 1�anð Þτ2=2Δt
dn + τ ¼ dn + vnτ +

1

2
anτ

2 + an + 1�anð Þτ3=6Δt, 0� τ� θð Þ

θ�1:37
Unconditionally stable

Second order

Collocation method man+ θ + cvn+ θ + kdn + θ ¼ fn + θ
an+ θ ¼ 1�θð Þan + θan + 1
fn + θ ¼ 1�θð Þfn + θfn + 1
vn+ θ ¼ vn + θΔt 1� γð Þan + γan+ θ½ �
dn+ θ ¼ dn + θΔtvn + θΔtð Þ2 1�2βð Þan + 2βan+ θ½ �=2

γ¼ 0:5, θ�1, and

θ

2 1+ θð Þ� β� 2θ2�1

4 2θ3�1
� �

Unconditionally stable

Second order

Hilber-Hughes-Taylor-α
method
(HHT-α method)

man+ 1 + 1 + αð Þcvn+ 1�αcvn + 1 + αð Þkdn+ 1�αkdn
¼ 1 + αð Þfn+ 1�αfn
dn + 1 ¼ dn +Δtvn + 0:5�βð ÞΔt2an + βΔt2an+ 1
vn+ 1 ¼ vn +Δt 1� γð Þan +Δtγan + 1

β¼1

4
1�αð Þ2, γ¼ 1

2
�α�1

3
�α�0

Unconditionally stable

Second order

Wood-Bossak-
Zienkiewicz-α method
(WBZ-α method)

1�αð Þman+ 1 + αman + cvn + 1 + kdn+ 1 ¼ fn + 1
dn+ 1 ¼ dn +Δtvn + 0:5�βð ÞΔt2an + βΔt2an + 1
vn + 1 ¼ vn +Δt 1� γð Þan +Δtγan+ 1

β� γ

2
�1

4
, α+ γ¼ 1

2
Unconditionally stable

Second order

Continued



Method Formulation Stability condition Accuracy

Generalized-α method man + 1�αm + cvn + 1�αf + kdn + 1�αf ¼ fn+ 1�αf

dn + 1 ¼ dn +Δtvn + 0:5�βð ÞΔt2an + βΔt2an+ 1
vn + 1 ¼ vn +Δt 1� γð Þan +Δtγan+ 1
dn + 1�αf ¼ 1�αf

� �
dn+ 1 + αf dn, vn+ 1�αf ¼ 1�αf

� �
vn+ 1 + αf vn

an + 1�αm ¼ 1�αmð Þan + 1 + αman, fn+ 1�αf ¼ 1�αf
� �

fn + 1 + αf fn

αm � αf �
1

2
β� 1

4
+
1

2
αf �αmð Þ

Unconditionally stable

γ¼1

2
�αm + αf

Second order

Explicit generalized-α
method

man+ 1�αm ¼ fn + 1�αf � r dnð Þ
dn + 1 ¼ dn +Δtvn + 0:5�βð ÞΔt2an + βΔt2an+ 1
vn+ 1 ¼ vn +Δt 1� γð Þan +Δtγan + 1
an + 1�αm ¼ 1�αmð Þan+ 1 + αman

Ωb < 1+ ρbð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2�ρb

p
γ¼3

2
�αm

Second order

ρ-Method dn+ 1 ¼ dn +Δd
vn + 1 ¼ 2

Δt
Δd�vn +

1�ρ

1 + ρ
Δtan

an+ 1 ¼ 1 + ρð Þ 1 + ρ2ð Þ
Δt2

Δd�Δtvnð Þ+ 1�ρ�ρ3
� �

an

m+
Δt
2
c+

Δt2

2 1 + ρð Þk
I

� �
Δd¼Δtmvn +

ρ�1

2 1 + ρð ÞΔt
2man

+
Δt2

2
f �n �qn�b�q0n + 1

� �
f �n ¼ 1

Δt

ðtn + 1
tn

f tð Þdt, b� ¼ 1

Δt

ðtn + 1
tn

b tð Þdt

ρ�1
Unconditionally stable

Second order

Implicit-explicit method

Man + 1 +C
Ivn + 1 +C

Eevn+ 1 +KIdn+ 1 +K
Eedn+ 1 ¼Fn+ 1edn+ 1 ¼ dn +Δtvn + 0:5�βð ÞΔt2anevn+ 1 ¼ vn +Δt 1� γð Þan

dn+ 1 ¼ edn + 1 + βΔt2an+ 1
vn+ 1 ¼evn + 1 +Δtγan + 1
M¼MI +ME, C¼CI +CE, K¼KI +KE, F¼FI +FE,

Superscripts I and E refer to the implicit and
explicit groups, respectively.

If γ�0:5, BI + �B
E
is positive definite, and

K�1 exists, it is unconditionally stable.

BI ¼MI +Δt γ�0:5ð ÞCI

+Δt2 β�0:5γð ÞKI

�B
E ¼ME +Δt γ�0:5ð ÞCE

+Δt2 β�0:5γð ÞKE

�ΔtγC�Δt2βK

γ¼0:5
Second order



Appendix B

Implementation of the
OS Method

In this section, implementation of the OS method is illustrated by using a pro-

gram language called “Visual Basic.” Note that essentially any language will be

acceptable.
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0// Global variables for Dynamic analysis

Global g_dblGroundMotion(1 to NSTEP) As Double 0 Record the ground motions

Global g_lngCurStep As Long

Global g_lngPreStep As Long

Global g_dblPreTime As Double

Global g_dblCurTime As Double

Global g_VecPreDisp(1 to NDOF) As Double 0 Displacement of

previous step

Global g_VecPrePredictDisp(1 to NDOF) As Double 0 Predict displacement of previous step

Global g_VecPreVelo(1 to NDOF) As Double 0 Velocity of previous step

Global g_VecPreAcce(1 to NDOF) As Double 0 Acceleration of previous step

Global g_VecCurDisp(1 To NDOF) As Double 0 Displacement of current step

Global g_VecCurPredictDisp(1 To NDOF) As Double 0 Predict displacement of current step

Global g_VecCurVelo(1 To NDOF) As Double 0 Velocity of current

step

Global g_VecCurAcce(1 To NDOF) As Double 0 Acceleration of current step

Global g_VecPreResForce(1 To NDOF) As Double 0 Previous total restoring force to predicted displacement

Global g_VecCurResForce(1 To NDOF) As Double 0 Current total restoring force to predicted displacement

Global g_VecPreForce(1 To NDOF) As Double 0 Previous total corrected restoring force

Global g_VecCurForce(1 To NDOF) As Double 0 Current total corrected restoring force

Global g_VecStoryDrift(1 To NDOF) As Double 0 Story drift angle

Global g_VecStoryShear(1 To NDOF) As Double 0 Story shear force

Global g_MatStiff(1 To NDOF, 1 To NDOF) As Double 0 Stiffness matrix

Global g_MatStiffNum(1 To NDOF,1 To NDOF) As Double 0 Stiffness matrix for numerical substructure

Global g_MatMass(1 To NDOF,1 To NDOF) As Double 0 Mass matrix

Global g_MatDamping(1 To NDOF,1 To NDOF) As Double 0 Damping matrix
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0// Global variables for physical test
Global g_intTested(1 To NDOF) As Integer 0 If physical tested DOF

0// This subroutine is used to solve the equations of motion using the OS algorithm

Public Sub OS()

On Error GoTo PROC_ERR

0// Local variables used for iteration.

Dim lngLoopI, lngLoopJ, lngLoopK As Long

0// Local variable used for calculation

Dim dbTempForce As Double

Dim VecCal1() As Double

Dim VecCal2() As Double

Dim VecCal3() As Double

Dim VecCal4() As Double

Dim VecUnit() As Double

ReDim VecCal1(1 To NDOF)

ReDim VecCal2(1 To NDOF)

ReDim VecCal3(1 To NDOF)

ReDim VecCal4(1 To NDOF)

ReDim VecUnit(1 To NDOF)

Dim MatCal1() As Double

Dim MatCal2() As Double

ReDim MatCal1(1 To NDOF, 1 To NDOF)

ReDim MatCal2(1 To NDOF, 1 To NDOF)

Im
p
lem

en
tatio

n
o
f
th
e
O
S
M
eth

o
d

A
p
p
e
n
d
ix

B
2
1
7



0// Start solving equations of motion

For lngLoopI ¼ 1 To g_lngTotalStep

g_lngCurStep ¼ lngLoopI

g_dblCurTime ¼ g_lngCurStep * g_dblInterval

0// Calculate the displacement of the current step
0// d’¼dn + dt Vn + (0.5 - beta) dt*dt an

Call VectorSuperposition(g_VecPreDisp, g_VecPreVelo, 1.0#, g_dblInterval, VecCal1, CInt(NDOF))

CallVectorSuperposition(VecCal1,g_VecPreAcce,1.0#, (0.5 -g_dblParameters(1))*g_dblInterval 2̂, g_VecCurPredictDisp,

CInt(NDOF))

Call MatrixVectorMultiply(g_MatStiffNum, g_VecCurPredictDisp, _

g_VecCurResForceNum, CInt(NDOF), CInt(NDOF))

0// get restoring forces for the tested dofs

For lngLoopK ¼ 1 To NDOF

If g_intTested(lngLoopK) ¼ 1 Then
0 convert to mm, then to test model scale, and conduct physical loading

g_mode1(lngLoopK).SetSetptToValue(g_VecCurPredictDisp(lngLoopK)*1000*g_dblForceScale(lngLoopK),
g_dbLoadTime(lngLoopK))

End If

End If

Next lngLoopK

For lngLoopK ¼ 1 To NDOF

g_VecCurResForceExp(lngLoopK) ¼ 0.0#

If g_intTested(lngLoopK) ¼ 1 Then
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If g_intActNum(lngLoopK) ¼ 1 Then

g_signals(lngLoopK) ¼ gStation.FloatSignals.Find(g_strForceSignal1(lngLoopK))

g_VecCurResForceExp(lngLoopK) ¼ g_signals(lngLoopK).Value * 1000 / g_dblForceScale(lngLoopK)
0 convert to N, then to fully model scale

ElseIf g_intActNum(lngLoopK) ¼ 2 Then

dbTempForce ¼ 0.0#

g_signals(lngLoopK) ¼ gStation.FloatSignals.Find(g_strForceSignal1(lngLoopK))

dbTempForce ¼ g_signals(lngLoopK).Value

g_signals(lngLoopK) ¼ gStation.FloatSignals.Find(g_strForceSignal2(lngLoopK))

g_VecCurResForceExp(lngLoopK) ¼ dbTempForce + g_signals(lngLoopK).Value

g_VecCurResForceExp(lngLoopK) ¼ g_VecCurResForceExp(lngLoopK) * 1000 / g_dblForceScale

(lngLoopK)
0 convert to N, then to fully model scale

End If

End If

Next lngLoopK

Call VectorSuperposition(g_VecCurResForceExp, g_VecCurResForce Num, _

1.0#, 1.0#, g_VecCurResForce, CInt(NDOF))
0// end of getting restoring forces

0// Caculate effective stiffness matrix: D ¼ M + C dt Gamma + K dt^2 Beta

Call MatrixSuperposition(g_MatDamping, g_MatStiff, g_dblInterval * g_dblParameters(2), g_dblInterval ^ 2 *

g_dblParameters(1), _

MatCal1, CInt(NDOF), CInt(NDOF))

Call MatrixSuperposition(g_MatMass, MatCal1, 1.0#, 1.0#, MatCal2, CInt(NDOF), CInt(NDOF))
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0// Calculate effective external force: F ¼ -M I ag - C (Vn + dt (1 - Gamma) An) - R

For lngLoopJ ¼ 1 To NDOF

VecUnit(lngLoopJ) ¼ 1.0#

Next lngLoopJ

Call MatrixVectorMultiply(g_MatMass, VecUnit, VecCal1, CInt(NDOF), CInt(NDOF))

Call VectorSuperposition(g_VecPreVelo, g_VecPreAcce, 1.0#, (1.0# - g_dblParameters(2)) * g_dblInterval, VecCal2,

CInt(NDOF)) 0 Never change VecCal2

Call MatrixVectorMultiply(g_MatDamping, VecCal2, VecCal3, CInt(NDOF), CInt(NDOF))

Call VectorSuperposition(VecCal1, VecCal3, -1.0# * g_dblGroundMotion(lngLoopI) * g_dblMotionScale, -1.0#, Vec-

Cal4, CInt(NDOF))

Call VectorSuperposition(VecCal4, g_VecCurResForce, 1.0#, -1.0#, VecCal1, CInt(NDOF))

0// Find the inverse of D

Call MatrixInverse(MatCal2, MatCal1, CInt(NDOF))

0// Find the acceleration, velocity and displacement of the current step

Call MatrixVectorMultiply(MatCal1, VecCal1, g_VecCurAcce, CInt(NDOF), CInt(NDOF))

CallVectorSuperposition(g_VecCurPredictDisp,g_VecCurAcce,1.0#,g_dblInterval 2̂*g_dblParameters(1),g_VecCurDisp,

CInt(NDOF))

Call VectorSuperposition(VecCal2, g_VecCurAcce, 1.0#, g_dblParameters(2) * g_dblInterval, g_VecCurVelo, CInt

(NDOF))

0// Find the corrected restoring force
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Call VectorSuperposition(g_VecCurDisp, g_VecCurPredictDisp, 1.0#, -1.0#, VecCal1, CInt(NDOF))

Call MatrixVectorMultiply(g_MatStiff, VecCal1, VecCal2, CInt(NDOF), CInt(NDOF))

Call VectorSuperposition(g_VecCurResForce, VecCal2, 1.0#, 1.0#, g_VecCurForce, CInt(NDOF))

0// Update story drift and story shear force

For lngLoopJ ¼ 1 To NDOF

If lngLoopJ ¼ 1 Then

g_VecStoryDrift(lngLoopJ) ¼ g_VecCurDisp(lngLoopJ)

Else

g_VecStoryDrift(lngLoopJ) ¼ g_VecCurDisp(lngLoopJ) - g_VecCurDisp(lngLoopJ - 1)

End If

Next lngLoopJ

For lngLoopJ ¼ NDOF To 1 Step -1

If lngLoopJ ¼ NDOF Then

g_VecStoryShear(lngLoopJ) ¼ g_VecCurResForce(lngLoopJ)

Else

g_VecStoryShear(lngLoopJ) ¼ g_VecCurResForce(lngLoopJ) + g_VecStoryShear(lngLoopJ + 1)

End If

Next lngLoopJ

0// Saving the results

Call SaveData(1)

0// Monitoring the loading for each story

Call frmMain.Monitoring()
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0// Update the responses

g_lngPreStep ¼ g_lngCurStep

g_dblPreTime ¼ g_dblCurTime

For lngLoopJ ¼ 1 To NDOF

g_VecPreDisp(lngLoopJ) ¼ g_VecCurDisp(lngLoopJ)

g_VecPrePredictDisp(lngLoopJ) ¼ g_VecCurPredictDisp(lngLoopJ)

g_VecPreVelo(lngLoopJ) ¼ g_VecCurVelo(lngLoopJ)

g_VecPreAcce(lngLoopJ) ¼ g_VecCurAcce(lngLoopJ)

g_VecPreResForce(lngLoopJ) ¼ g_VecCurResForce(lngLoopJ)

g_VecPreForce(lngLoopJ) ¼ g_VecCurForce(lngLoopJ)

Next lngLoopJ

Next lngLoopI

PROC_EXIT:

MsgBox("Simulation using OS method completed sucessfully!", vbOKOnly)

Exit Sub

PROC_ERR:

MsgBox("Error occurs!" & vbCrLf & Err.Description, vbOKOnly, "Error occurs when executing OS method!")

GoTo PROC_EXIT

End Sub
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