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ABSTRACT 

Three time domain system identification (SI) approaches, i.e.. Modified Iterative 

Least Square with Unknown Input (ILS-UI), Localized Structural Model, and Modified 

Iterative Least Square - Extended Kalman Filter with Unknown Input (ILS-EKF-UI), are 

proposed to identify defects at the element level of structures. In all these methods, 

structures are modeled using the finite element method (FEM) and the structural parameters 

(stiffiiess and damping) are identified using only output response measurements without 

using any information on input excitations. Excitations are identified as byproducts of the 

SI procedures. 

If proportional damping or Rayleigh-type damping is used, the time domain SI 

problem becomes nonlinear even though the dynamic system is linear. The Modified ILS-

UI approach is essentially a nonlinear SI algorithm. 

The Localized Structural Model combines a time domain SI technique and the FEM 

formulation representing a part of the structure. The time domain responses at each time 

instance represent an equilibrium status of the system that is reflected in the nodal 

equilibrium in the FEM. Using the Localized Structural Model, only dynamic responses at 

the local region closely connected to the part of the structure to be identified are required. 

This dramatically reduces the measurement requirements, and makes it possible to identify 

parameters of the whole structure by identifying part of it at a time. This study discusses 

how to select elements of a local structure and how to determine the locations and the 

number of output measurements. 
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The Modified ILS-EKF-UI approach combines the Modified ILS-UI, the Localized 

Structural Model, and the EKF. Using this approach, the system can be identified with 

responses at a reduced number of dynamic points. This method allows the finite element 

meshes to be refined fiorther for more localized parameter identification without additional 

response information. 

All three methods are verified using numerical examples and obtain good results. 

They are found to be more accurate than methods currently reported in the literature, which 

require input excitation. Various types of structures are examined, including shear-type 

buildings, plane frames, and plane trusses. The proposed methods are found to be stable 

even when the responses are contaminated with noise. 
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CHAPTER 1 

INTRODUCTION 

1.1 Statement of The Problem 

1.1.1 Preface 

Nondestructive evaluation of in-service structural conditions is important in 

maintaining them in a safe working state. Structures can deteriorate due to the natural aging 

process or when subjected to unexpected loads, i.e. strong earthquakes or high winds. It is 

important that the structures be kept in working condition without disrupting normal 

operations. The safety of buildings, bridges, and many other important structures is 

essential in maintaining our way of life. Therefore, it is important to develop simple, 

inexpensive, and nondestructive evaluation procedures, which can be used routinely for the 

in-service condition assessment of existing and retrofitted structures. Structures need 

inspection to locate damage spots. This localized damage evaluation needs to be performed 

at the element level (members of a truss, beams, columns, or a segment of them). Optimal 

structural maintenance based on regular nondestructive inspection should receive more 

attention than it has gotten so far. Fulfilling this need is a challenge, and the engineering 

profession has not yet been able to meet it adequately. The issue has added significance 

since the resources to build new structures are dwindling and the existing structures are 

aging. In some cases their design lives have already been exceeded. Furthermore, there are 

many structures in service which were designed using provisions which are less rigorous 



than current practices, and older structures whose properties may have changed over the 

years. 

The aftermath of the Northridge earthquake of 1994 brought another problem to the 

attention of the profession, which was reported widely in the media. Namely, what should 

be done with a structure just after an earthquake, whether there is or is not extensive, 

visible structural damage? Is it safe to open the structures (buildings and bridges) to the 

public? If it is not completely safe, how can the damaged structure be brought up to current 

standards? What should be fixed? Who decides whether the structure is safe or unsafe and 

whether it should be repaired or demolished? In a Time magazine article, an expert 

commented, "There's a lack of capable, well-trained engineers who understand failure 

modes. Buildings are being condemned unnecessarily because the engineers are erring on 

the conservative side and reacting to people's fears." The expert saw "one office building 

torn down before business owners could retrieve company files." He added, "Officials also 

condemned a hospital and relocated the occupants to a nearby commercial building that 

might have been in a similar condition." 

The point being made here is that the condition or health of a structure, whether 

during ordinary operating conditions or just after a natural disaster, needs to be determined 

as objectively as possible. When a stmcture suffers significant damage visible to the naked 

eye, there is an obvious problem. However, and perhaps more seriously, the presence of 

defects may not be obvious. As the structure ages, or just after a natural disaster, inspection 

is an option to detect defects. However, for a large structural system consisting of dozens of 



structural elements, there are no professional guidelines on what or where to inspect to 

locate defects, assuming that inspection of the whole structure is not practical due to the 

cost or the lack of accessibility. When an inspection is made, there is no way to determine 

whether all defects were identified or how many reinspections may be needed to locate all 

defects and their locations. The rate of structural degradation will depend on the nature or 

cause and extent of damage, and its location in the structure. In addition, simply identifying 

damaged spots or defects without quantifying their nature or extent may not help in making 

objective decisions. After defects are identified and repaired, a method is needed to 

evaluate the retrofitted state of the structure to determine the adequacy of the repairs. 

Bold, innovative and unconventional ideas are needed to detect defects in existing 

or retrofitted structures without disrupting their normal operation. The basic premise of the 

concept proposed here comes fi-om the realization that in most cases defects originate at the 

local level. Depending on the type, extent and location of the defect, it will affect the 

structure on the global level, which may lead to catastrophic failure. In most engineering 

research, the global problems were addressed with global behavior, and local problems with 

local behavior. These are the two common approaches to the problem. However, they have 

not provided effective results. The use of the modal approach is basically global structural 

information using global response information. Its limitations will be elaborated further 

later. There are many shortcomings to this approach. The location of the defect is in 

general unknown. Sometimes, even severe local defects may not change the global 

response enough for available sensors to detect. And it may not be possible to use the 



method to routinely inspect structures without disrupting operations, costing an excessive 

amount of money. 

A model-based approach, where a structure is represented by finite elements, can be 

very appropriate since not only the extent of degradation but also the location of the damage 

can be identified easily. Because those changes in the structure will be reflected in changes 

of the structural responses, the study of the response will in turn reveal changes in 

parameters of the local stmcture or the elements of the structure. Simply stated, the 

numerical values in the mathematical model of the elements' dynamic properties, in terms 

of mass, stiffiaess and damping characteristics, should change to reflect changes in the 

physical state of the structure. Using the information on current element properties, it will 

be straightforward to evaluate the amount or rate of degradation at a particular location with 

respect to the "as built" or expected properties, or the previous values from periodic 

inspections. After a repair, it will also indicate the improvement in the behavior of the 

structure and whether or not all the defects were repaired. One approach that can be used 

very effectively for this purpose is the system identification (SI) techniques. This approach 

is made practical by the advances in data processing and signal analysis capabilities brought 

on by the development in sensor technology, the advancement in the computational power, 

and economy of microprocessors. Successful development and implementation of the SI 

concept will have a far-reaching impact on the condition assessment of existing aged 

structures. Simply stated, the concept can be compared to a medical blood test for 

diagnostic purposes. 
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1.1.2 Statement of The Problem 

A regular system identification procedure requires the measurement of input 

excitation forces and output responses. Unfortunately, the input excitation information is 

often difficult to obtain and hard to measure accurately. The proposed SI techniques do 

not require the input excitation information, and the unknown input excitation could be of 

any type, including harmonic or random force of white noise. 

For a large structural system consisting of dozens or hundreds of structural 

elements, there is great need for professional guidelines to what and where to inspect in 

order to locate defects. The proposed approach is based on the fact that the values of 

structural dynamic properties, in terms of mass, stiffiiess and damping characteristics 

change according to the shifts in the physical status of the structure. Details of these 

changes are reflected in changes of the element properties. Thus, identification of 

element properties can then be used to locate damaged spots and quantify the behavior of 

a structure. 

Also sometimes, only part of a structure, such as a beam, a column, or a 

substructure of a system needs to be inspected. A localized SI approach is needed to 

provide guidelines on the range of measurement and the SI procedures. The Localized 

Structure Model, which is aimed at SI of the local group of elements, is proposed in this 

study. It is able to identify local structural parameters (stiffiiess and damping) at element 

level using only limited structural response data collected at pre-selected locations. The 

excitation information is not necessary. 
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Since most structural systems possess a large number of dynamic degrees of 

freedom (DDOF), it is impossible and impractical to collect response measurements at all 

DDOFs. Thus, another challenge is to predict local behavior with as little structural 

response information as possible and without using excitation information. An SI 

approach, which optimally selects the locations of response measurement and numbers of 

structural points to identify structural parameters, is proposed in this study. 

Practically, the presence of noise in the measurements carmot be overlooked. To 

address the presence of noise in the response measurements, numerically generated white 

noise of different intensities is added to the response data and the robustness of the 

proposed algorithm is checked. 

Although the mass (M) and stiffiiess (K) matrixes are important dynamic 

properties of a structure, the effects of damping (C) matrix can never be ignored. In fact, 

correctly including the damping effects plays a key role in SI. However, damping is not a 

structural property that can be easily and directly predicted or formulated. When viscous 

damping coefficient is used for each element in the structure, the equation of motion of 

the multi-degree of freedom (MDOF) system is linear. The corresponding SI system is 

also linear. However, when proportional damping (Rayleigh-type damping), one of the 

most commonly used damping forms, is adapted in the equation of motion, it introduces a 

source of nonlinearrity in the SI problem. The Rayleigh-type damping assumes that 

damping is proportional to the mass and stiffiiess, i.e., C = a,3/ + a^A", where ai and az 

are the proportionality factors for mass and stiffiiess, respectively. The equation of 

motion of the MDOF system is still linear, but the corresponding SI problem becomes 
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nonlinear because of the multiplication of the system parameter ai with the system 

parameter K. It adds additional difficulty to the SI solution algorithm. A new approach 

for nonlinear system parameter identification, with unknown input excitation force, is 

proposed. This approach (Modified ILS-UI) is an extension of ILS-UI method [Iterative 

Least-Square with Unknown Input, proposed by Wang and Haldar (1994)]. It combines 

the optimal parameter estimation method based on the least-square principle and Taylor's 

series approximation. In addition, the Modified ELS-EKF-UI approach, which combines 

the Modified ILS-UI method. Localized Structural Model, and EK-WGI procedure, is 

proposed here. They use all or a few dynamic responses of the structure to identify local 

element level parameters of the structure without input dynamic force information. 

These methods also allow the related finite element model to be fiirther refined for 

more localized parameter identification without additional response measurements. 

Three SI techniques (Modified ILS, Localized Structural Model, and Modified 

ILS-EKF-UI method) are proposed in this research for detailed element level system 

identification. The algorithms and their solutions for both linear and nonlinear SI 

problems are studied in this research. Applications to shear buildings, plane truss 

structures, and plane fi-ame structures are illustrated. The algorithms are verified by 

identifying shear-type building, trusses, and frames. 
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1.2 Objective 

The primary objective of this study is to develop a simple, economical, yet 

sophisticated nondestructive evaluation procedure to detect defects in existing and 

retrofitted structures (buildings, bridges and similar structures that can be represented by a 

finite element algorithm) without disrupting their normal operations. To meet this primary 

objective, the proposed study aims to do the following: 

(1) to develop an integrated diagnostic procedure that can be used routinely in identifying 

the location and extent of defects at the local element level or within a part of it using 

only limited information on dynamic response measurements and without using any 

input excitation information; 

(2) to develop a Localized Structural Model, which includes developing criteria for the 

number and locations of the minimum and optimal response measurements necessary 

to implement the procedure; 

(3) to refine the finite element meshes for more detailed parameter assessments without 

additional information on response measurements; 

(4) to verify the proposed approaches by investigating numerically the SI problems for 

various structural systems. 
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1.3 Scope of Study 

• Develop an optimal parameter estimation method, will be denoted 

hereafter as Modified ILS-UI. It is based on the least-square principle and 

Taylor's series (modified iterative least-square). This approach can be used 

to identify the stiffiiess and damping (including both viscous and 

proportional damping) parameters of the structure at the element level with 

unknown input excitation information. 

• Develop a new SI technique, will be denoted hereafter as Localized 

Structural Model. It can identify parameters (stiffhess and damping, 

including both viscous and proportional damping) of the partial structure 

without excitation information using only a few DDOFs' responses. 

• Develop the criteria for the number and locations of minimum and optimal 

response measurements to help implement the procedure. 

• Develop another optimal parameter estimation method, will be denoted 

hereafter as Modified ILS-EKF-UI. It combines the Modified ILS-UI 

method, the Localized Structural Model, and EK-WGI (extended Kalman 

filter with weighted global iteration) technique. Dynamic responses at 

optimal locations and optimal reduced numbers of structural points are 

used for this purposed. It can also identify the stiffiiess and damping 

(including both viscous and proportional damping) parameters of the 

structure at element level without input excitation. 
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• The SI mathematical model can be linear or nonlinear, noise-free or noise-

contaminated, based on the finite-element model of a linear dynamic 

system. 

• Develop a procedure of more detailed parameter assessment. Because the 

identification of the stiffiiess and damping parameters is performed at the 

local element level, these methods may be used to locate damaged spots 

and to quantify the behavior of structures. These methods also allow the 

refinement of the finite element meshes without any additional response 

information. 

• Verify these proposed approaches by investigating numerically the SI 

problems for various structural systems. The robustoess of the algorithms 

is established by identifying shear-type building, trusses, and frames. 
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1.4 Summary of Chapters 

This study consists of three parts representing six chapters, an appendix, and 

reference. 

The first part (introduction) consists of the first two chapters: Chapter 1, the 

introduction, states the problem of this study, the objective, the scope of this study and 

summary of chapters; Chapter 2, literature review, states the SI concept, the major 

classifications of SI, and their advantages and deficiencies. 

The second part presents the study, which sets forth the proposed work of this 

study, i.e., both linear and nonlinear time domain ^stem Identification (SI) approaches 

are proposed here to estimate the stiffiiess and damping parameters of a structure or a 

local structure at the element level. In these approaches, the finite element method is 

used to model the linear dynamic structural system. The structural system is excited by 

unknown or unmeasured excitation forces and the unknown excitation forces could be of 

any type, including harmonic or random force of white noise. Proportional Damping 

(Rayleigh-type damping), i.e. the damping is proportional to mass and stiffiiess, is 

assumed in developing the equation of motion. This introduces a source of nonlinearity 

in the system identification algorithm. The dynamic output responses may be noise-free 

or noise-contaminated, and need not be measured for all Dynamic Degrees of Freedom 

(DDOF). 

The second part includes four chapters from Chapter 3 to Chapter 6 and an 

Appendix A. 
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In Chapter 3 — the Modified ELS-UI, which is an optimal estimation parameters 

method based on the least-square principle and Taylor's series approximation, is 

presented. This chapter includes the methodology, its applications, which include shear-

type buildings, truss structiu-es, and plan frame structures, results by computer 

programming, and the conclusions. 

In Chapter 4 ~ the Localized Structural Model is presented. It develops a 

Localized Structure Model and uses Modified ILS-UI to identify unknown parameters of 

the partial structure with only a few DDOFs' responses without excitation information. It 

also can be as the phase 1 of the Modified ILS-EK-UI method. This chapter includes 

developing criteria for the number and locations of minimum and optimal response 

measurements to help implement the procedure. The methodology and its applications of 

shear buildings, truss structures and frame structures; results by computer programming; 

and conclusions are also presented. 

Chapter 5 - Modified ILS+EKF-UI, which combines the extended Kalman filter, 

the Localized Structural Model, and Modified ILS-UI method, is presented. It is carried 

out in two phases. In the first phase, the initial values of the unknown system parameters 

and unknown input excitation are estimated using the Modified ILS-UI technique with 

the Local Structure Model to meet the requirements of EKF. In the second phase, all the 

unknown system parameters are identified using response measurements at a few DDOF 

with the EK-WGI (EKF with Weighted Global Iteration) technique. The last section of 

Chapter 5 shows the procedure for more detailed parameter assessments by refinement of 

finite element meshes without additional response information. In this chapter, the 
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methodology and its applications including shear-type buildings and plan frame 

structures, results by computer programming, and conclusions are also stated. 

Chapter 3 and Chapter 5 propose to achieve the objective of 1, 3, and 4; and 

Chapter 4 aims to achieve the objective of 2 and 4. This part also includes Chapter 6, 

which is summary. It has a summary of the research and a recommendation for future 

works. The last one of this part is Appendix A, which gives the notation of symbols used 

in this dissertation. 

The third part is references. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1. Concept of System Identification 

The development of SI as an NDE (Nondestructive Evaluation) technique using 

only limited output response measurements and without excitation information is a major 

objective of this study. However, the concept of SI is not new. In fact, the concept is so 

simple, and so much work is already available, that it is virtually impossible to cite all of it. 

A casual review will indicate that there appears to be no further work that can be done in 

this area. However, in the recent professional gatherings, e.g., the Structural Engineers 

World Congress in July of 1998, experts commented on its application potential as an NDE 

technique. An extensive bibliography is attached. The following discussion mainly relates 

to the concept behind the proposed methods. 

The basic SI approach is very appealing and simple, but it has several limitations, 

which reduce its practical applications at this time. The concept of SI process is shown in 

Fig. 2.1. The most basic SI approaches have three components: 

(1) the input loading or excitation; 

(2) the system, which can be represented by a series of equations or represented in 

algorithmic form, e.g., in a finite element representation in terms of mass, 

stiffiiess and damping properties of each element; 
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(3) the output responses caused by the excitation, reflecting the current state of the 

structure. If the input and output responses are known, the system's dynamic 

parameters, e.g., the mass, stiffiiess and damping, can be identified. 

INPUT OUTPUT 
SYSTEM W SYSTEM w 

Figure 2.1. Concept of system identification 
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2.2 Major Classifications of System Identification 

The major classifications of SI are shown in Fig. 2.2. The SI can be conducted in 

the frequency or time domain. 

Most SI methods use the frequency-based modal approach. Contributions were 

from early 60's, e.g. Strejc (1966); to latest 90's, e.g. Hassiotis and Jeong (1995), and Zeldin 

et al. (1998). As discussed earlier, this will give global structural information using global 

structural response information. It is expected to be simple and widely used in the 

profession. Modal testing and analysis has several advantages. Instead of using an 

enormous amount of data, the modal information can be expressed in countable form in 

terms of mode shapes, resonant frequencies, and modal damping ratios. These represent the 

stiffriess of the structure and its dynamic response. They form an ideal basis on which to 

compare modal measurements. Since structural global properties are evaluated, there may 

be an averaging effect, reducing the presence of noise in the measurements. 
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Limited Output 
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Figure 2.2 Classifications of system identification and proposed study 
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Despite these advantages, most of the currently available modal approaches have 

considerable deficiencies. In this approach, the structure is modeled in a global sense, and 

only a few lower modes of vibration are estimated. It fails to evaluate the individual 

behavior of structural components. Thus, it may not be possible to quantify even a severe 

level of structural damage, especially for highly redundant structural systems. It has been 

observed that local damages are not sensitive to the identified modal properties. A large 

fraction of the structural members could be broken without the fundamental period changing 

by more than 2%, but changes of this size in the flmdamental period were also found by 

tests in the absence of damage (Ibanez 1988, in Natke and Yao, Eds). Modal properties may 

be insufficient for reliable damage detection, and other measurable quantities must be 

considered. For large, complicated structural systems, the higher order calculated modes are 

unreliable. Thus, the issue of how many modes are needed to accurately calculate the 

system parameters limits the applicability of this approach. In short, modal approaches may 

not be sensitive enough to detect defects at the structural level, and may not be capable of 

detecting defects at the element level, either. Therefore, it can not be used for the proposed 

study, despite its wide acceptance and popularity. 

Since damage detection at the element level or within an element is a major concern, 

it is obvious that fi'equency-based SI techniques are not appropriate, and they will not be 

considered subsequently. Time-domain SI techniques are necessary. 

In time domain category, Natke & Cottin (1988), and Ghanem & Shinozuka (1994, 

1995) reviewed the history of the SI theory. According to their reviews, the first person who 

dealt with identification technique was Prony in 1795. He transformed the dynamic 
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response equation into polynomial form. Since then, various time-domain methods have 

been formulated. The available time-domain SI approaches applicable to engineering 

structures can be divided into two groups: (1) methods where input excitation information is 

necessary, and (2) methods where input excitation information is not necessary (See Fig. 

2.2). 

In the first group, where input excitation information is available, the least-square 

based SI techniques are commonly used to identify modal properties or structural 

parameters of a linear structure. There are various methods, such as (1) the recursive least-

square estimation method, (2) the Maximum Likelihood method, (3) a mixed Auto 

Regressive Moving Average (ARMA) model, and (4) Kalman Filter (KF), extended Kalman 

Filter (EKF), and Extended Kalman Filter with a Weighted Global Iteration procedure 

(EKF-WGI) methods. 

Method (1) is the recursive least-square estimation method. It can directly identify 

the stiffiiess and viscous damping parameters of shear-type structures (Caravani et al, 1977; 

Beck & Jennings, 1980; and Davis & Hammod, 1984). Method (2) is Maximum Likelihood 

method. Lee & Fassois (1992) developed a new Suboptimum Maximum Likelihood, SML, 

discrete estimation algorithm to estimate the modeal parameters with input/output data. 

Method (3) is a mixed Auto Regressive Moving Average (ARMA) model. It is considered 

to represent discrete time series. Goodwin, et al. (1977) used ARMA model to process the 

measured excitation and response records contaminated by noise; Yun et al, (1997) used the 

ARMA model and sequential prediction-error method to estimate the parameters based on 

input/output data with noise. Method (4) is Kalman Filter (KF), extended BCalman Filter 
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(EKF), and Extended BCalman Filter with a Weighted Global Iteration procedure (EKF-

WGI) methods. They are based on least square principle information to identify linear (KF) 

or nonlinear (EKF and EKF-WGI) systems with input and output. KF was developed by 

Kahnan (1960), Kalman et al. (1961), EKF was developed by Jazwinski (1970), EKF-WGI 

was developed by Hoshiya & Saito (1984). These methods based on Kalman Filter 

techniques have received more and more attentions in identifying both linear and nonlinear 

structures because these techniques do not require measuring the responses (output) at every 

dynamic degree of freedom, such as Yun & Shinozuka (1980), Carmichael (1980, 1981), 

Shinozuka (1982), Tan and Chen (1988), Imal et al. (1989), Maruyama et al. (1989), Koh et 

al. (1991), Hoshiya and Sutoh (1993), Herrmann et al. (1993), Oreta & Tanabe (1993), 

Hoshiya & Yoshida (1996), etc. 

The collection of information on input excitation is not simple. Outside the highly 

controlled laboratory environment, input excitations may come from different sources; their 

types, points of application and magnitude are usually unknown. The information on input 

excitation may contain so much error that it may compromise the fimdamental concept of 

SI. The desirability of SI will improve significantly if the system can be identified using 

only output information, completely ignoring input excitation. However, it is not simple to 

define a system using only output response information. Furthermore, even in an ideal 

situation, some noise in the output measurements cannot be avoided. The effect of noise in 

the SI needs a comprehensive study. As will be elaborated in the following section, the task 

becomes more complicated by several orders of magnitude if a system needs to be identified 

using noise-laden, limited output responses. 
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In the second group, after a survey of the literature, the following five techniques 

have been identified where input information is not required. They are: (1) the EK-WGI 

technique with running load, (2) the Stochastic-adaptive techniques, (3) Free-decay Curve 

analysis, (4) the Stochastic approach, and (5) the Random Decrement technique. 

Method (1) is the EK-WGI technique with rurming load (Hoshiya and Maruyama, 

1987), which identifies unknown weight and velocity of a static rurming load on the beam 

system. The structural parameters such as stiffiiess and damping cannot be directly 

identified by this approach. Its practical applications are limited; 

Method (2) is the Stochastic-adaptive techniques (Safak, 1989), which modeled the 

structure with a time series and estimated the modal parameters of a structure by a 

stochastic-adaptive technique. This technique can be applied to adaptive control of ambient 

vibrations of a shear-type building. However, both global-level and element-level structural 

parameters, such as stiffiiess and damping matrices, cannot be directly identified by this 

approach, either. Therefore, its practical applications are also limited. 

Method (3) is Free-decay Curve analysis (Ibrahim, 1977; Smith, 1987; Kung et al., 

1989; Bedewi, 1986; Mickleborough and Pi, 1989; Hac and Spanos, 1990), which uses 

output measurements of fi-ee vibration to estimate the parameters of a structure. However, 

how to collect the firee vibration responses is a major problem. The identified accuracy 

depends on the beginning time of selected time history: the closer to the time that input force 

becomes zero it is, the better the identified results are. 



Toki, et al. (1989) also used EK-WGI method to identify parameters of a shear-type 

building and input ground motion. However, it requires the responses to represent the free 

vibration responses at all floors and only seismic loading was considered. 

Method (4) is the Stochastic approach (Kozin, 1983; Wedig, 1983; Lee and Chan, 

1988), which attempts to estimate the parameters with the unknown input excitation of a 

white noise signal. This stochastic approach needs a considerable amount of modification, 

preferably by using filters to represent the real situation. 

Method (5) is the Random Decrement technique (Cole, 1973; Caldwell, 1987; Kung 

et al., 1989; Yang et al., 1985; Tsai et al., 1988), which converts the random response to the 

random decrement free-decay signature to estimate the global-level parameters of structure 

with the unknown input excitation assumed to have a zero mean. 

Various features of these techniques are identified in Figure 2.3. 
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Figure 2.3 Comparison of the proposed method with other 

SI techniques with unknown input 
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When the discussion is limited to time-domain SI techniques without input 

information, which do not require information on modal properties, it is clear that there is 

no method available except the proposed one. Since only limited output responses will be 

used in the proposed method, it is unique and original, but the research is expected to be 

very challenging. 

Three new SI approaches, called Modified ILS-UI, Localized Structure Model, and 

Modified ILS-EKF-UI proposed in this research, are expected to lead to simple , effective, 

inexpensive, and reliable SI procedures for routine, in-service condition assessment and 

monitoring of existing structural systems. 
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CHAPTER 3 

MODIFIED ILS-UI METHOD 

3.1 Introduction 

A simple, inexpensive nondestructive evaluation procedure that does not disrupt 

normal operations is necessary to evaluate the state of damage of existing or retrofitted 

structures. This is particularly important after natural disasters like a strong earthquake or 

high wind. When a structure suffers significant damage visible to the naked eye, the 

problem is clear. However, serious defects sometimes may not be obvious, but a decision 

needs to be made about the suitability of the structure. If the structure is a public 

building, this decision will be directly related to the convenience and safety of the general 

public 

For economic reasons, it is impractical to inspect all structural elements, 

especially for large structural systems. There are no professional guidelines on what or 

where to inspect to locate defects. In most practical cases, the lack of access to the 

suspected elements or defect-prone areas will be a major problem. Furthermore, after an 

inspection, there is no way to determine whether all the defects were identified or how 

many re-inspections may be needed to locate all defects and their locations. 

Conceptually, most defects develop fi-om local damage. Depending on the type, 

extent and location of a defect, it will affect the behavior of the structure differently in 

terms of displacements, velocities, acceleration, and vibration fi-equencies. This behavior 

makes it possible to estimate local properties using global response information. 
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A model-based approach, where a structure is represented by a finite element 

model, can be very appropriate, because not only the extent of degradation but also the 

location of the damage can be identified. The dynamic properties of the finite element 

model in terms of mass, stif&iess and damping characteristics will change to reflect the 

physical changes of the structure. After repairs, the model should also indicate 

improvement in the behavior of the structure and whether or not all the defects were 

repaired. 

For most structures of practical significance, the input excitation information is 

often not available. Thus, it is necessary to develop an SI procedure that can identify 

structure properties at the element level without using input excitation information. 

Another important factor in structural SI is to include structural damping. From structural 

dynamic equilibrium equations, it is clear that damping plays an important role in 

characterizing the dynamic response. Correctly evaluating damping parameters becomes 

essential in the SI procedure. However damping in a structural system is a very complex 

phenomenon. These energy-loss mechanisms are not well understood. It is difficult to 

predict what will happen. Various damping formulas have been proposed, among which 

viscous damping is commonly used. The proportional damping (Rayleigh-type damping), 

it is proportional to the mass and stiffiiess, is one of the most popular damping types. It 

has significant theoretical advantages. The proportional damping satisfies the 

orthogonolity condition, which is often used in the modal superposition. It involves only 

two damping coefficients, much less than those used in conventional viscous damping. 

However, use of proportional damping in the dynamic system will introduce a non-
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linearity in the corresponding SI problem. A novel approach is developed to address this 

issue. It is shown that even with proportional damping, the proposed algorithm identifies 

structural parameters accurately. The proposed algorithm will be denoted hereafter as the 

Modified ILS-UI. 

Since noise in measurements carmot be avoided, the sensitivity of SI algorithm to 

noise is studied. In addition, the influence of time interval of measured output responses 

to the accuracy of the identified system parameters is studied. 

The algorithm is developed first. It is then verified with several examples. 

Several important observations are made. The algorithm is discussed next. 



41 

3.2 The Methodology of The Modified ILS-UI Approach: 

The governing equation of motion of a linear multiple degree of freedom (MDOF) 

system can be written in matrix forms as: 

Mq{t) + cm + Kq{t) = f{t) (3-1) 

Where M, C, K are time-invariant mass, damping, and stiffiiess matrices of the structure, 

respectively; q{t), q{t), qit) are structural responses of displacement, velocity, and 

acceleration vector at time t, respectively; and/(0 is the excitation force vector. 

For conventional viscous damping, entries in matrix C are viscous damping 

coefficient Ci contributed firom related elements. If proportional damping is used (Cook, 

1981), the damping matrix becomes 

C = a,M + a,K (3-2) 

where factor aj and 02 are the mass-proportional and stiffhess-proportional damping 

coefficient, respectively. Substituting Equation (3-2) into Equation (3-1) results in 

Mm + ia,M + a,K)m + K q{t) = /(/) (3-3) 

In the Modified BLS-UI approach, the mass matrix M is assumed to be known. The force 

jit) is unknown. The parameters to be identified are K and C. Using proportional 

damping, the parameters to be identified are K and damping coefficients ai, and 

For the purpose of the SI with finite element method. Equation (3-1) can be 

reorganized as 

(3-4) 
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where i> is a vector of size h, composed of unknown system parameters (stiffiiess and 

damping coefficients) to be identified and h is the total number of unknown parameters to 

be identified; F(t) is a vector of size nm (nm — N x m), composed of unknown input 

excitation and inertia forces at any sample time t; N is the total number of dynamic 

degrees of freedom; m is the total number of time points of sample measurements; A(i) is 

a matrix of size nm x h, composed of measured nodal response in term of displacement 

and velocity (^, ̂ ) at all sample time t. 

The vector F(t) in Equation (3-4) is defined as 

- [M «(oL., (3-5) 

In the case where a structure is excited by a seismic load, represented by the ground 

accelerations qg(t), the effective earthquake force is given by f(t) = -M{i] qg(t), in 

which {1} = 4V/;.and qg(t) is the ground acceleration at any sample time. 

The matrix A(t) in Equation (3-4) will be discussed in the next three sections. 

Different structural models and different unknown structural parameters will result in 

different forms of matrix A(t). 

For conventional viscous damping case, parameters c, in C are directly identified, 

and the vector D in Equation (3-4) is 

= fcA-'. • • •. c-'. • • •. f (3-6) 

where h = 2 x ne; ne is the total number of finite elements; and A:,- is {EA/L)i for truss 

elements, and a fimction of {EI/L)i for shear buildings and fi-ame structures, E is the 
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material Young's modulus, A is the cross-section area, L is the element length, and I is the 

moment of inertia of the cross-section. Equation (3-4) is a set of linear equations. 

If proportional damping is used, the vector D in Equation (3-4) becomes 

= k.^2. • • • . • • • . Y  (3-7) 

where h = 2 x ne + 1. Because both a2 and ki are parameters to be identified, their 

products make Equation (3-4) a set of nonlinear equations. Among total {2 x tie + 1) 

variables to be identified, only {ne + 2) are independent. For the proposed algorithm, it is 

necessary to distinguish the independent and dependent variables. Let AT be a vector 

containing all independent variables to be identified. Independent variables in vector X 

can be shown to be: 

= [KK • • • . f (3-9) 

Note that for conventional viscous damping (3-6), all variables are independent and X 

vector becomes 

X[2xne)xl ^{2xne)xl (3-8) 

The Modified D-S-UI approach proposed here is an iterative procedure to solve 

for the unknown system parameters and the unknown excitation force. During the 

iteration process, an error term v, at the iteration can be introduced as 

v,=F,-AD,_, (3-10) 

where Fi is the unknown force at the iteration, Z),./ is the unknown system parameters 

to be identified at the iteration, and A was defined earlier. 



44 

The least squares principle requires that (Ackermann, 1976): 

<t>, = = (F, - -*0,., Y (F, - AD,_,) —> minimum 

For O to be a minimum, it requires 

ax 

where X, as discussed earlier, is a vector of all independent unknown parameters. It can 

be shown that 

(  d D . X  
-A 

^ X , _ ,  I ^ X , _ ,  
-A 

or 

= -2B,_,A^iF,-AD,_,) 

Y { X )  =  B A ^ i F - A D )  =  0  

where B = dP 
dX 

(3-11) 

For conventional viscous damping, 5 is a unit matrix. Equation (3-11) is linear 

and D can be solved from the following equation in each iteration; 

D = {A^Ay'A^F (3-12) 
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However, for proportional damping, B matrix is 

(dP dP 

dk, dk, 
dP dP dP 
dk, da, da. 

V 

0 
\o 

[0 

i^nexne) 

J(/x«) 

a. 

0 

0 

a. 
(nexne) 

o\ I *  H e )  lo 

(nex/) 

0 

(/x/ir) 

(3-13) 

Because B contains parameters to be identified. Equation (3-11) is nonlinear. 

To solve a set of nonlinear equations, an iterative linearization method is used by 

expanding Equation (3-11) in Taylor's series and keeping only the first two terms as 

shown below: 

Y { X )  =  Y { X ' ' )  +  
0 .  .  d Y { X )  

dX 
• ^ X  (3-14) 

where denotes the initial values of all unknown independent system parameters X\ AX 

is the correction vector to the approximations, and 

dX 
dY dY SY dY dY 
d k ,  d k .  d k .  d a 2  d a .  

Using the approximation represented by Equation (3-14), the nonlinear Equation (3-11) 

can be linearized as; 

dY 

dX 
• A X  =  - Y { X ° )  (3-15) 
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Now Equation (3-15) can be solved to obtain the first estimate of the unknown 

system parameters. After each iteration, AX is solved and X is updated as 

X. = + AX . Often, the initial value of ̂  is an assumed value and adding AX to 

X^ only yields an improved approximation of X. The updated value of X can be used 

again to recalculate AX using Equation (3-15). This iteration process continues 

until AA'becomes reasonably small and an updated AT converges to a predetermined 

tolerance level. The tolerance lever of 10 '^ is used in this study. 

To start the iteration using Equation (3-15), the initial value of fit) needs to be 

assumed because it is unknown. It is assumed to be zero at the beginning of the iteration. 

The proposed iterative algorithm is summarized below: 

Step 1: Assume the initial values of input excitation to be zero, i.e. ( t )  = 0  

Step 2: Solve the least square equation to obtain the first estimation of the system 

parameters. 

• For a system with conventional viscous damping. Equation (3-11) can be 

solved directly with Equation (3-12). 

• For a system with proportional damping, using Equations (3-14) and (3-

15) to solve the set of nonlinear equations, an iterative linearization 

method is proposed. 
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Step 3: Using Equation (3-1) and system parameters obtained in step2, the unknown 

input force/(t) is estimated. 

Step 4: Using the input time history, the system parameters are updated. 

Step 5: The updated system parameters are then used to update the unknown input 

force y(r). 

The iteration process continues until the convergence in the input forces is 

obtained with a predetermined accuracy. The tolerance denoted as 8 is set to 

W ' ^  i n  t h i s  s t u d y .  T h e  c o n v e r g e n c e  r e q u i r e s  \  f ' ( 0 -

The above iterative procedure is the Modified ILS-UI technique, which is the 

combination of Iterative Least-squares and Taylor's series. It is able to solve both linear 

and nonlinear SI problems without input excitation information. The flow chart of the 

procedure is shown in Figure 3.1. 

A computer program, XILSUI in Fortran language, is developed for this purpose. 

It is able to identify structural parameters such as stiffiiess and damping (both 

conventional viscous type and Rayleigh-type) at the element level without input 

excitation information. The identification of the input forces is the byproduct of this 

program. The program can be used to identify various types of structures, including 

shear-type structiures, plane trusses, and plane frames. The support of the structures can 

be any type, e.g. fixed, pined, etc. In the applications of the Modified ILS-UI technique, 

the formation of matrix A{t) in Equation (3-4) is one of the most important works. 
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Different structural models and different unknown structural parameters will result in 

different forms of the matrix A(t). It will be discussed in the next three sections. 

Numerical examples are also given in the next three sections to describe the accuracy and 

efficiency of the proposed Modified ILS-UI procedure. 
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Figure 3.1 Flow chart of the Modified ILS-UI procedure 
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3.3 The Modified D-S-UI Method Applied to Shear-Type Buildings 

A shear-type building is considered first to show applications of the Modified 

ILS-UI method. The Modified ELS-UI procedure, discussed in general in Section 3.2, is 

explained in detail for the shear-type building and discussed with a numerical example. 

3.3.1 The Shear-Type Building Model 

A shear-type building is defined as a structure in which there is no rotation in 

horizontal at floor levels. In this respect, the building deflects under shear forces only. 

The basic assumptions for a shear-type building are: (I) the total mass of the structure is 

concentrated at the floor levels, (2) the girders/floors are infinitely rigid compared to the 

columns, and (3) the deformation of the structure is independent of the axial force 

presented in the columns. 

A model of an N-story shear-type building is shown in Figure 3.2(a). It has total 

iV dynamic degrees of freedom (DDOFs), one horizontal displacement at each floor level. 

The altemative model of this shear building is a multi-mass-spring system shown in 

Figure 3.2(b). 
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fi(t) 

/777777777777777777777777777777777777777777 
Figure 3.2 (a) N-story shear building 

Figure 3.2 (b) Multi-mass-spring model representation of a shear building 



For a shear-type building, the lumped mass matrix corresponding to M in 

Equation (3-1) is 

= 

//I, 0 0 

0 nt-, 0 

0  0  • • •  m  iV 

(3-15) 

The stifftiess matrices corresponding to K in Equation (3-1) is 

Ks.s = 

k ,  +  - k ,  0  0  

-  ky  k ,  +  k^  —k j  0  

0 

0 

0 

0 

0 0 

0 0 

0 

0 

0 ky_ i  +ky  ky  

0  • • •  k y  

(3-16) 

where ki = HEJ / Li^, Ei is Young's modulus of columns material at story i, I = 2^1, and 

/, is the moment of inertia of all columns at story /, and Li is the height of story /. 

The conventional viscous-type damping is considered first, and c, is the viscous 

damping coefficient for story i. The damping matrix C in Equation (3-1) is then 

• S 'N  

c, +c, — c, 0 0 

- c, c, + c, —Cj 0 

0 

0 

0 

0 

0 0 

0 0 

0 0 

0 0 — c N • N 

(3-17) 

The matrix A(i) corresponding to Equation (3-4) is of size nm x h , where nm = N x m, N 

is the number of FEM nodal points, m is the number of time points, and h = 2 x N. Here 

only N rows of matrix ^4(0 are listed corresponding to one time point at tj. 



53 

Qz 

0 ^1-^2  

0 

0 

0 

0 

QN-1  ~^N-2  9jV-I 

0 Qi  qx  -Q i  

0 0  ^I  -^2  

0 

0 <ls -Qs -x  0  

0 

0 

0 

0 0 

^N-x -qs - z  QN-X-^N  

® Qs  ~  ̂ s - x  

(3-18) 

Displacements qi and velocities^, listed in Equation (3-18) are all measured at time r,. 

Entries for other m-1 time points are similar. The unknown system parameters vector D 

corresponding to Equation (3-4) is 

^hycX ~ [^1.^2, • • ••'^He.^Xpl, ' ] 

The vector F(t) corresponding to Equation (3-4) is 

Using the proposed Modified ILS-UI procedure, the system parameter vector D 

containing viscous damping coefficients c/, cj, ..., cs, and stiffiiess ki, k:, —, kw of all the 

elements can be evaluated when the masses and responses, in terms of displacement 

velocity, and acceleration, are available at all floor levels. 
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3.3.2 Numerical Example 

EXAMPLE 3.3.1 A seven-story shear-type building is shown in Fig. 3.3. Each 

node has one horizontal transnational DDOF. It is assumed that the mass of each floor is 

known. 

In this example, the system parameters needed to be identified are stiffiiess ki to kr 

and viscous damping coefficients c/ to cj. 

The theoretical responses in terms of displacement, velocity, and acceleration at 

all floors are calculated using the ANSYS program (SAS IP, 1995). The calculated 

responses are then used as measured responses for the SI purpose. To generate the 

dynamic response data, the structure is excited by a random force of white noise applied 

horizontally at the top floor as shown in Fig. 3.4. The excitation force information is 

used for response data generation purpose only, and is not needed in the proposed SI 

procedure. The Modified ILS-UI procedure is used to identified the structure parameters 

(stiffhess and viscous damping). 

The masses (kN secVm) at each floor are 

mi = 103.2, ma = 97.2, m3 = 97.2, m4 = 95.3 

ms = 100.2 m6= 108.1 m? = 76.6 

The responses used for SI are from time 0.09s to 0.998s, at the time interval of 

0.0Is, providing a total 91 time points. The noise-free response data are directly 

calculated from ANSYS. The identified parameters and their percentage errors are given 

in Column (2) of Table 3.1. The theoretical values are listed in Column (1) of Table 3.1. 

The maximum error is 0.012 % for stiffhess estimation and 0.202 % for damping 



55 

parameters. These errors are significantly smaller than those using other methods 

reported in the literature (Toki ct al., 1989, which reported a maximum error of about 

10%). 

Realistically, measured data is always polluted by noises fi-om various sources. 

To compensate for this fact, the theoretical responses including displacements, velocities, 

and acceleration are modified with simulated noises. To address the presence of noise in 

the response quantities, numerically generated noise is added to them, hi this study, the 

simulated noise is assumed to be white noise with the intensities 1% and 5% of the root-

mean-square (RMS) values of the response estimated at each DDOFs of FEM nodal 

points. The identified parameters and their percentage errors for the two noise levels are 

shown in Columns (3) and (4) in Table 3.1. The maximum relative errors for the stiffiiess 

are 0.126% for 1% noise level and 0.431% for 5% noise level. The corresponding 

maximum relative errors for damping are 2.191% and 13.059%, respectively. It has been 

noted that the average damping errors for two noise levels are 1.335% and 6.892% 

respectively. The larger damping error occurs at elements near the bottom floor where 

the building has the least movement. The results shown that the Modified ILS-UI 

method identifies the stiffness and damping parameters very well. 
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Figure 3.3 Seven-story shear-type building 



100.00 n 

50.00 -

LU 
O q: 
o 

0.00 

-50.00 -

— 100.00 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
0.00 0.50 1.00 1.50 2.00 2.50 

TIME (sec.) 

Figure 3.4 Applied excitation at the top floor 
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Table 3.1. Identified stiffiiess and damping of the 7-story shear building 
— Modified ELS-UI Procedure 

Floor EXACT No noise 1% Noise 5% Noise 

(1) 
(error %) 

(2) 
(error %) 

(3) 
(error %) 

(4) 
1 64500 64493 

(0.011) 
64581 
(0.126) 

64723 
(0.346) 

Ki 2 63400 63393 
(0.011) 

53472 
(0.114) 

63596 
(0.309) 

(kN/ 3 72700 72693 72769 72912 
m) (0.010) (0.095) (0.292) 

4 72100 72094 
(0.008) 

72163 
(0.087) 

72354 
(0.352) 

5 68700 68696 
(0.006) 

68736 
(0.052) 

68850 
(0.218) 

6 52300 52299 
(0.002) 

52301 
(0.002) 

52292 
(0.015) 

7 16800 16798 
(0.012) 

16781 
(0.113) 

16728 
(0.431) 

I 645 645.40 
(0.062) 

630.87 
(2.191) 

560.77 
(13.059) 

2 634 634.39 
(0.062) 

621.19 
(2.021) 

558.95 
(11.838) 

Ci 3 727 727.48 
(0.066) 

718.51 
(1.168) 

681.67 
(6.235) 

4 721 721.40 
(0.055) 

714.16 
(0.949) 

687.24 
(4.682) 

5 687 687.26 
(0.038) 

680.99 
(0.875) 

658.92 
(4.087) 

6 523 523.02 
(0.004) 

518.88 
(0.788) 

505.53 
(3.340) 

7 168 167.66 
(0.202) 

165.73 
(1.351) 

159.60 
(5.000) 
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3.4 The Modified ILS-UI Method Applied to Plane Truss 

In this section, applications of the Modified ILS-UI approach to plane truss 

structural systems are presented. To provide details of construction of matrix A(l)„mxh in 

Equation (3-4), the stiffiiess matrix of bar elements and their assembly procedure are 

briefly discussed first. Then Modified ILS-UI procedure is used to identify a plane truss 

system with proportional damping. Finally, a numerical example is presented to verify 

the proposed algorithm. 

3.4.1 Plane Truss Model With Proportional Damping 

3.4.1.1 The Global Stiffiiess Matrix for a Plane Truss 

A plane truss structure is a structure composed of bar elements jointed by 

fnctionless pins. All bars and appHed forces are assumed to act in one common plane. 

From the point of finite element modeling, truss structures are "natural" because each bar 

in the structure is represented by a single bar element. Figure 3.5(a) shows the local (x -

y) coordinate system of a typical element i . and displacements at two ends of truss 

element /, q,, q^, q^, q^, in the local coordinates system. Figure 3.5(b) shows its global 

(x - y) coordinates system, and qi, qi. q3, q4 are the displacements in the global 

coordinate system. Each bar is assumed uniform in cross-section, made of linearly elastic 

material, and pinned at both ends. The following assumptions also apply to truss 

structures: 
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(1) Loads are applied only at truss joints; no force is applied to bars between their 

end joints. 

(2) At each joint, the pin connection is frictionless. That means that the moment 

must be zero at all joints. As a result, forces applied to each bar are always 

along its axis. 

(3) Hooke's law applies; that is, axial stress is related to axial strain by 

oi = Ee^. 

For element i, let Ai, Ei, and Li are the cross-sectional area. Young's modulus, and 

element length, respectively. Axial force fi and axial deformation e, is related by 

_ / A-
A^E, 

The stiffiiess k for bar / is 

/;• A,E, 

' e.. I.. 
(3-19) 

In element local coordinate system ( x  and y ) ,  the stiffiiess matrix A"' of 

element i is 

jF' _ 4^. 
^4x4  J 

1 0 - 1 0  

0 0 0 0 

- 1 0  1 0  

0 0 0 0 

(3-20) 

To assemble element stiffiiess together, it requires all element stiffiiess be 

transferred to a common coordinate system, i.e., the global coordinate system. The global 

stiffiiess matrix A* for Element i is transformed from element local stiffiiess matrix K' 

using transformation matrix T: 
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= T ^ K T  (3-21) 

The transformation matrix T is: 

cos 6 sin 9 0 0 

- sinO cos9 0 0 

0 0 cos 9 sin 9 

0 0 - sin9 cos9 

T = 
* 4*4 (3-22) 

where 9 is the rotational angle between local and global coordinate system as shown in 

Figure 3.5(b). 

Substituting Equations (3-20) and (3-19) into Equation (3-21), the element 

stiffhess matrix A" in the global coordinate system is 

K L =  K T '  

1 0 - 1 0  

0 0 0 0 

- 1 0  1 0  

0 0 0 0 

T = (3-23) 

The stiffiiess matrix K of the truss structure can be assembled from element global 

stiffiiess matrices as 

*»..v = 2 (3-24) 
1=/ 

where the element stiffiiess matrix is expanded to the model size N x. JV based on 

the nodal numbering and element connectivity. The expanded stiffiiess matrix for 

Element i can be expressed as 

(3-25) 

and Equation (3-24) can be written in the expanded form as 
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~ ^ •*•-•-"^ ^•r'^JVxjV (3-26) i~I 

where is expanded from based on element connectivity and the nodal 

numbering of the finite element model. Note that entries in are constants reflecting 

element geometry, orientation and connectivity. 



63 

y 
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Ei Aj 

Li 

<l4 

<l3 

(a) A truss member showing nodal coordinates 
referred to local coordinates system (3c - y) 

(b) A truss member showing nodal coordinates (qi, q2, q3, q4) 
r e fe r r ed  t o  g loba l  coo rd ina t e s  sys t em (x  —y)  

Figure 3.5 A uniform bar element of a plane truss 
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3.4.1.2 The Plane Truss Model With Proportional Damping 

m 

The general finite element model of structures with proportional damping as 

discussed in Section 3.2 and Equation (3-3) can be rewritten as 

Kq( t )  +  a ,Kq( t )  +  a ,Mq( t )  =  f ( t )  -  Mq( t )  (3-27) 

For an element of uniform cross section, length Li, and distributed mass , its 

consistent element mass matrix in the local coordinate system is given by 

M-

2  0  1 0  

0 2 0 1 

1 0  2  0  

0  1 0  2  

(3-28) 

Its mass matrix in the global coordinate system can be obtained fi-om 

m; , ,  =  T^W T  (3-29) 

where transformation matrix T is given by Equation (3-22). Using global stiffiiess matrix 

K given in Equation (3-26), Equation (3-27) at any given time becomes 

k ,S  ' q ( t , )  +  kX-q ( t , )+ . . .  +  k„ ,S ' "q ( t , )  

+ a,k,S'q( ti) + a,k,S'q( a,k„^S"'q( t-) + a,Mq() 

= f ( t , ) -Mq( t , )  

Equation (3-30) can be written in matrix form as 

^Nxh{t^ DhxI=F(ji)NxI . 

with 

S'-q{t,)...S'"q{t,) S'q{t,) S^t,) ... S" q{t,) Mqit,)] 

(3-30) 

(3-31) 
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and 

where h = 2 x ne + 1. (When measured data is available at the total m time points, the 

number of rows in A{t)Nxh and F{t)Mxi expanded to become A(t)„mxh and F{t)nmxi 

respectively, with nm = Nxm.) They have the same form as Equation (3-4). Vector Dh^i 

is 

It is composed of unknown system parameters (stiffiiess and damping coefficients) to be 

identified as in Equation (3-7). Because both a? and yt, are parameters to be identified, 

their product makes Equation (3-4) nonlinear. In Equation (3-7), out of a total h= 2 y. ne 

+ 1 variables to be identified, only (ne + 2) are independent. Let X(ne+2)xi be a vector 

containing all independent variables to be identified as in Equation (3-9). It can be 

represented as 

Having the dynamic responses (in terms of displacement, velocity, and acceleration at all 

DDOFs) and mass of each bar, matrix A(t)„mxh can be constructed according to 

Equation(3-31). Then the Modified ILS-UI procedure can be used to solve the nonlinear 

SI Equations (3-4) to identify stif&iess parameter ki (t = 1, 2. .... Ne) and proportional 

damping coeff ic ien ts  a j  and a? .  
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3.4.2 Numerical example 

In this section, a steel bridge truss structure with proportional damping is used as 

an example to numerically demonstrate the Modified ILS-UI method. As explained 
ft 

earlier, the system identification problem with proportional damping is a nonlinear SI 

problem. This example demonstrates that the proposed Modified ILS-Ul is efficient and 

accurate. 

EXAMPLE 3.4.1 A steel bridge truss structiu-e with proportional damping. 

A steel bridge truss structure, as shown in Figure 3.6, has 13 bars. At each nodal 

point, there are two DDOFs (horizontal and vertical). The bridge model has a total of 13 

DDOFs. It is assumed that the mass of each bar is known. 

In this example, the system parameters needed to be identified are stiffiiess 

[{kr^iEA/Qi)] of 13 bar elements and proportional damping coefficient a/ and a2. The 

theoretical values of them are listed in Column (2) of Table 3.2 

The theoretical structural dynamic responses, in terms of displacement, velocity 

and acceleration, are calculated at all dynamic degrees of fi-eedom by using an ANSYS 

program (SAS IP 1995). To describe the proposed methodology, these responses are 

assumed to be measured at all dynamic degrees of freedom. To generate the dynamic 

response data, the truss is excited by sinusoidal loads: Jy2{t) = fyeit) = sin{10M), 

Jy4(t) = 30x sin{107tt), which are applied at Nodes 2, 6, and 4 in the vertical direction, and 

fx4 (t) = 60X sin(J07a) applied at Node 4 in the horizontal direction as shown in 

Figure3.6. The damping is assumed to be proportional damping (C= ajM + a^A). The 



mass-proportional damping coefficient a/ and stiffiiess-proportional damping coefficient 

a2 used to generate the theoretical responses are calculated as 2.03763 and 3.90026e-4, 

respectively. They represent damping coefficients assuming 3 percent of the critical 

damping for the first two natural vibration modes. The first two natural fi"equencies of 

the structure are 8.055 Hz and 16.429 Hz, respectively. The excitation force information 

is used for response data generation purpose only, and is not needed in the proposed 

system identification procedure. 

The task is to estimate all 15 unknown system parameters as accurately as 

possible using the proposed algorithm. 

Measured responses for all dynamic degrees of fi'eedom are taken for a time 

period fi-om 0.04 to 1.00 with the time interval of 0.001 second. No measurement errors 

are introduced into the responses (i.e. noise fi-ee) at this stage. Typical responses (in 

terms of displacement, velocity, and acceleration) in the direction of Node 4 is shown in 

Figure 3.7(a), (b), and (c). The identified parameters and their percentage errors are 

listed in Column (3) and (4) of Table 3.2. The maximum error is 0.727% for stiffiiess 

and 0.648%. for damping coefficients. These errors are significantly smaller than those 

using other methods reported in the literature. 

Again, practically, noises are expected in the response measurement. To address 

the presence of noise in the response quantities, numerically generated noise is added to 

the FEM results obtained by using the ANSYS program in the same manners as described 

earlier. The noise is assumed to be a white noise with the intensities of 1% of the root-

mean-square (RMS) value of the response estimated at each DDOF of FEM nodal points. 
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Typical responses (in terms of displacement, velocity, and acceleration) in y direction at 

Nodal 4 are shown in Figure 3.7(d), (e), and (f) for this noise level. The system 

parameters are identified again, using the noise-contaminated response data. The results 

for this case are shown in Columns (5) and (6) of Tabfe 3.2. The maximum percentage 

error for the stiffiiess is 6.215% for this case. The corresponding maximum error in 

damping is 9.881% for the noise level. It can be seen that the proposed algorithm 

identifies the truss structure is well and stable when the response data are contaminated 

with noise. 
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4 at 40' = 160' 

Figure 3.6 The bridge structure model and excitation forces in Example 3.4.1 
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Fig. 3.7 The responses of Node 4 in vertical direction with noise levels in Example 3.4.1 

(a),(b), and (c) for 0% noise ; (d), (e), and (f) for 1% noise 
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Table 3.2 Results obtained for Example 3.4.1 

Parameters Exact 0% noise 1% noise 

(1) (2) 
Result 

(3) 

Error( %) 

(4) 

Result 

(5) 

Error( %) 

(6) 

ki 2341.15 2336.34 0.205 2245.25 4.096 

^2 1872.92 1869.03 0.208 1795.12 4.154 

ki 3121.53 3116.56 0.159 2962.05 5.109 

k4 2341.15 2336.37 0.204 2246.17 4.057 

k5 1872.92 1864.61 0.444 1790.02 4.426 

EA 

L 
ke 2271.25 2266.00 0.231 2175.80 4.203 

k7 4682.29 4670.07 0.261 4451.50 4.929 

ks 2341.15 2324.13 0.727 2324.86 0.696 

kg 1872.92 1866.96 0.318 1823.99 2.612 

k/0 2271.25 2265.96 0.233 2175.42 4.219 

ki i  3121.53 3114.55 0.224 2927.51 6.215 

ki2 2341.15 2324.42 0.715 2324.96 0.692 

ki3 1872.92 1868.70 0.225 1788.73 4.495 

ai 2.03763 2.03379 0.188 2.17632 6.806 

0.2 3.90026e-4 3.92555e-4 0.648 4.28563e-4 9.881 



3.5 The Modified ILS-UI Method Applied to Plane Frame 

In this section, applications of the Modified ILS-UI approach to plane firarae 

structural systems are presented. Details of the construction of matrix for plane 

frame are discussed first. Then the Modified ILS-UI approach is explained in details for 

plane frame systems with proportional damping. Finally, numerical examples are 

presented to verify the proposed method. 

3.5.1 Plane Frame Structural Model With Proportional Damping 

3.5.1.1 The Global Stif&iess Matrix for Plane Frames 

Frames are structures constructed with beam members. Beams considered here 

are of uniform cross section, straight long beams with the ratio of beam length to cross 

sectional dimension greater than 20. Frame joints connecting beam members can carry 

axial forces, transversal forces, and moments. A plane frame structure has all its 

members in one common x-y plane, and all forces are applied in the same plane (vectors 

of moments are perpendicular to the plane). Deformations at beam-ends are axial 

displacements, transversal displacements and rotations about the z-axis. Forces applied 

to beam members consist of axial forces, shearing forces and bending moments. 

Figure3.8 depicts an element of a plane frame in which nodal 

displacements in an element local (x y z) coordinate system and qi, q2, qe are nodal 

displacements in the global (X, Y.Z) coordinate system. A typical stiffiiess matrix for a 

plane beam element is given in Equation (3-32). 
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A 0 0 0 0 

0 12/r 6/L 0 - /2/Z,; 6/L 1 

0 6/L 4 0 -6/L 2 

- A  / /  4 1 0 0 A / I .  0 0 

0 - 12/V t -6/L 0 12/L: -6/L, 

0 6/L J 2 0 -6/L 1 4 

where £"/ is the Young's modulus of the /th beam material; /, is the moment of inertia of 

the cross-section of the beam; and A:, = (EI /L)i is the stiffiiess parameter to be identified 

by the Modified ILS-UI procedure. 

To assemble elements into a fi-ame model, it requires that all displacements and 

forces associated to the firame elements be transferred to the global coordinate system of 

the frame, as well as the element's stiffiiess and mass matrixes. Let be the element 

global stiffiiess matrix, 

K. = T'KiJ = rkSiJ = kX.. (3-33) 

where transformation matrix T for a fi-ame member is given by 

cos a sin a 0 0 0 0 

- sin a cos a 0 0 0 0 

0 0 1 0 0 0 

0 0 0 cos a sin a 0 

0 0 0 — sin a cos a 

0 0 0 0 I 

where a is the rotational angle fi-om element local coordinate system to the fi-ame 

global coordinate system, as shown in Figure 3.8, and S's.t-T'^. Before the 

assembly of element stiffiiess matrix to the global stiffiiess matrix K\xjv, the stiffiiess 
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matrix for Element i has to be expanded to the model size N: The 

expansion is based on the nodal numbering of the model, similar to the procedure 

expressed in Equation (3-25), i.e., 

K' — It C 

where is expanded from . Now all element stiffness (i = 1,2,...,ne) are 

referred to the same coordinate system and same nodal numbering, and have the same 

matrix size. They can be directly assembled to yield the frame model stiffriess matrix 

Ksxn as: 

~  NkS  (3-35) 
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y 

(a) A frame member showing nodal coordinates (^i, Qz»'Is > I4 > ^5 > le) 
referred to local coordinates system (j - y) 

(b) A frame member showing nodal coordinates (qi, qz, qs, q4, qs, qa) 
r e fe r r ed  t o  g loba l  coo rd ina t e s  sys t em ( x  —y)  

Figure 3.8 A uniform beam element of a plane frame 
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3.5.1.2 The Plane Frame Model With Proportional Damping 

The general form of FEM dynamic equilibrium equation for a structure with 

proportional damping, as stated in Equation (3-3) of Section 3.2, can be rewritten as: 

Kqi t )  +  a ,Km + =  f i t )  -  Mqi t )  (3-36) 

where N is the number of DDOFs, and ne is the number of elements. 

With reference to the local coordinate system shown in Figure 3.8, the consistent 

mass matrix for an element with uniform cross section is 

M 6 x 6  

'140 

0 156 Sym. 

m,L. 0 22L 4L' 

420 70 0 0 140 

0 54 13L 0 156 

0 -13L -Sis 0 -22L  

(3-37) 

where Li is the element length and m, is the mass per unit length. It can be transformed to 

the global coordinate system by 

(3-3 8a) 

where the transformation matrix T is the same as given in Equation (3-34). Similar to the 

assembly procedure described in the previous section, the global mass matrix M can be 

assembled as 

/=I 

where is expanded from based on their modal numbering. 

(3-3 8b) 
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Using the transformation of the global stiffiiess matrix K discussed in 

Equation(3-35), Equation (3-36) becomes 

k.S'qiX) + k2^q(X) + ... + 

+  a2k ; /5 ' ^ ( t )  +  a , k ,5*^ ( t )  +  •  •  •  +  a_ ,k^5" ' ^ ( t )  +  d i ,Mq{ i )  

=  f i t ) -Mm (3-39) 

Equation (3-39) can be reorganized in the matrix form, similar to Equation (3.4) as: 

^ Dhxl P(X)nmxl • 

where matrix A{t)„mxh is 

=[^'^(0 S 'q i t )  -S ' "q{ t )  S 'q i t )  S ' -q i t )  • • •  S - "q{ t )  Mq{ t ) \  (3-40) 

with h =2 X ne + 1, nm = n x m , same as those defined earUer for other types of 

structures; vector F{t)„mxi is 

F{ t )„^^ ,= f { t ) -Mq{ t )  

in the same form of Equation (3-5); and vector Dhxi is 

in the same form of Equation (3-7). Vector Dhxi is composed of unknown system 

parameters, stiffiiess and damping coefficients that need to be identified. 

Since and k, are parameters to be identified, their products make Equation (3-4) 

a set of nonlinear SI equations. In Equation (3-7), out of the total h= 2 •x.ne + 1 variables 

to be identified, only (ne + 2) are independent. Define \ccior X(„e+2)xi, in the same form 

of Equation (3-9), as an vector that contains all independent variables to be identified 
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With data on the mass of each element and dynamic responses (in terms of displacement, 

velocity, and acceleration at all dynamic DOFs) available, the matrix is known. 

Then the Modified ELS-UT Procedure can be used to solve the nonlinear equations set, 

identifying stiffiiess parameter A:, (/ = I, 2, .... Ne) and proportional damping coefficients 

(2/  and  a? .  

In the next section, two examples are provided to verify the proposed algorithm. 



79 

3.5.2 Numerical Examples 

In this section, two numerical examples of plane frame structures are used to 

verify the proposed Modified ILS-UI Method. The first one is a simply-supported beam, 

the second one is a defected beam, and the third one is a two-story steel plane frame. All 

of them use proportional damping, which requires nonlinear system identification 

algorithm. Results of these three examples demonstrate that the proposed method is 

efficient and accurate in solving nonlinear SI problems. 

EXAMPLE 3.5.1 A beam simply-supported at both ends is excited by a force applied at 

the middle of the beam in the direction as shown in the Figure 3.9. The damping is 

proportional damping (C = a/ M+ 02 K), and the mass of the beam is known. The beam is 

modeled with two elements. In this example, the system parameters to be identified are 

stif&iess (ki = EI IL)i) of these two elements and the proportion damping coefficients a/. 

az. The excitation information is unknown. 

Ay 

X 
f(t) 

1 3 

z'TT^tttz/ZTZ y-TTTTTTTTTZ 
30" 

Figure 3.9 The simply-supported beam and the excitation force 
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The theoretic dynamic responses of the structure, in terms of displacement, 

velocity, and acceleration, are generated by using a commercial finite element software 

ANSYS program with a sinusoidal forcey(0 = 2 xsin^lOKt) applied to the middle of the 

beam in the vertical direction as shown in Figure 3.9. These responses are served as 

'measured data' in the SI procedure. The mass-proportional damping coefficient ai and 

the stiffiiess proportional damping coefficient a2 used in ANSYS modeling are 7.554924 

and 7.607729e-5, respectively. They represent damping coefficients assuming 3 percent 

of the critical damping for the first two natural vibration modes. Structural responses are 

measured at all dynamic degrees of freedom (DDOFs). The input exciting forces are not 

needed in the proposed Modified ELS-UI Method. 

The task is to estimate unknown system parameters, ki, k2, aj and aj using the 

proposed Modified ILS-UI Procedure. 

The structural response data used in the SI procedure are from time 0.02 second to 

0.475 second with the time interval of 0.001 sec at all DDOFs. Typical y displacement 

responses at the middle of the beam are shown in Figure 3.10(a). The theoretical value of 

the stiffiiess and the proportion damping coefficient a/ a2 are in Row (2) of Table 3.3. 

The identified parameters are given in Row (3) of Table 3.3. The maximum error is 

0.017 % for stiffhess estimation and 2.706 % for damping coefficients. These errors are 

significantly smaller than those using other methods reported in the literature. 

From a practical point of view, there are always errors (noises) in measurements 

of structural responses. To address the presence of the noise in the response quantities, 

numerically generated noise is added to the theoretically generated response data. In this 



study, the noise is assumed to be a white noise with intensities of 1% and 5% of the root-

mean-square values of the response estimated at each dynamic degree of freedom of 

FEM nodal points. A typical displacement - time history chart for the y displacement at 

the middle of the beam is shown in Figures 3.10(b) to 3.10(c) for two noise levels, 

respectively. The structural parameters are then identified using the noise-contaminated 

responses. The identified parameters and their percentage errors for the two noise levels 

are shown in Rows (4) to (5) of the Table 3.3. The maximum error for all two noise 

levels of stiffiiess is 0.213 %. The accuracy of the proposed Modified ILS-UI Method is 

much better than those using other methods reported in the literature. 
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Table 3.3 Identified stiffiiess and damping of the simply-supported beam 

Parameter EI ai Cl2 
(1) =f^2=-r 

' /  

ai Cl2 

Theoretical 3776.04 7.554924 7.607729e-5 
(2) 

0% Noise 3776.68 7.529731 7.8l3663e-5 
(Error %) (0.017) (0.333) (2.707) 

(3) 

1% Noise 3771.57 7.492702 7.985974e-5 
(Error %) (0.118) (0.824) (4.972) 

(4) 

5% Noise 3784.10 7.272010 8.352667e-5 
(Error %) (0.213) (3.745) (9.792) 

(5) 
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EXAMPLE 3.5.2 Detection of Beam Defects 

Does the beam have a defect? Where is the defect? What is the extent of the 

damage? This example is used to describe the detection of beam defects. 

A uniform beam simply-supported at both ends is used in this example. The 

defects of the beam are detected by identifying the beam segments that have smaller 

stiffiiess. 

The stiffiiess and proportional damping of the beam are to be identified. 

The beam is modeled by eight beam elements as shown in Figure 3.11. The mass 

of the beam is known. The excitation force used to generate the response date is applied 

to the middle of the beam in the>' direction. 

/TTTTTTTTTZ /////////// 

Figure 3.11 The FEM model and the excitation force of the simply-supported beam 
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The theoretic dynamic responses of the structure, in terms of displacement, 

velocity, and acceleration, are generated by using the commercial finite element software 

ANSYS program. To generate the dynamic response data, the structure is excited by a 

sinusoidal force, J{t) = 2 x sin^lOm), which is applied to middle point of the beam in the 

vertical direction as shown in Figure 3.11. When generating the dynamic responses of 

the structure, the stiffiiess of the first beam section (Element 1) is reduce by 15% of its 

normal value to simulate the embedded defects in this segment. The excitation force 

information is used for response data generation purpose only, and is not needed in the 

proposed SI procedure. 

The structural response data used in the SI procedure are taken from time 0.02 

second to 0.475 second with the time interval of 0.001 sec at all DDOFs. The theoretical 

value of the stiffiiess and the proportion damping coefficient a/, a2 are listed in Row (2) 

of Table 3.4. The identified parameters are given in Row (3) of Table 3.4. The maximum 

error is 0.405 % for stiffiiess estimation and 5.419 % for damping coefficients. 

Th SI results clearly indicate that the stiffness of Element 1 is 15% smaller than 

that of other elements. So one can reach the conclusion that the beam has a defect 

located at Section 1. 



86 

Table 3.4 Identified stiffiiess and damping of the defected beam 

Parameter 
(1) f I / J. 

a/ 02 

Theoretical 
(2) 

15104.17 
(15104.17X 

85% 
=12838.54) 

7.554924 7.607729e-5 

1 12786.60 
(0.405) 

2 15043.13 
(0.404) 

3 15043.06 
(0.405) 

Estimation 
(Error %) Element 

4 15043.07 
(0.405) 

7.547910 8.019980e-5 
(3) 5 15043.18 

(0.404) 
(0.093) (5.419) 

6 15043.17 
(0.404) 

7 15043.19 
(0.404) 

8 15043.37 
(0.403) 
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EXAMPLE 3.5.3 A 2-story plane frame 

A 2-story plane frame structure shown in Figure 3.12 is used as another example 

to verify the proposed Modified ILS-UI Method. 

f(t) Q 

12 '  

15' 

y 5 
TTTTT 

Q) Q) 

Q) 

© © 

jTfrr 
30' 

Figure 3.12 The two-story plane frame and DDOFs at a nodal point. 
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The two-story steel plane frame is modeled on 6 beam elements. For each nodal 

point, 3 dynamic degrees of freedom (two transnational and one rotational, as shown in 

Figure 3.12) are considered. The mass of each element is known. 

In this example, the system parameters to be identified are the stiffiiess (>t, = 

{EIIL)i) of 6 beam elements and the proportional damping coefficients a/_ and a5. Their 

theoretical values are given in Column (2) of Table 3.5. 

The theoretical dynamic responses, in terms of displacement, velocity and 

acceleration, are calculated at all dynamic degrees of freedom by using ANSYS software 

(SAS EP, 1995). The responses are given for all dynamic degrees of freedom. To generate 

the dynamic response data, an excitation force, sinusoidal force J{t)=10xsin{30t). is 

applied to Node 1 in a horizontal direction as shown in the Figure 3.12. The damping is 

proportional damping (C = a/ M+ a: K). The mass-proportional damping coefficient ai 

and the stiffiiess proportional damping coefficient aj used to generate the theoretical 

responses are 2.20482 and 0.000258275 respectively, corresponding to 3 percent of the 

critical damping for the first and second modes. The first two natural frequencies of the 

structure are 7.283117 Hz and 29.690242 Hz, respectively. The excitation force 

information is used for response data generation purpose only, and is not needed in the 

proposed SI procedure. 

The response data used in this example are from time 0.02 second to 0.475 second 

with the time interval of 0.001 sec. A typical displacement response used as measured 

input data in the SI is shown in Figure 3.13 (a). The identified stiffiiess of frame 

members and the proportional damping coefficients a/., a? are given in Column (3) of 



Table 3.5. The maximum error is 0.056% for stiffiiess and 0.431% for damping. This 

error is significantly smaller than those using other methods reported in the literature. 

In this example, the effect of the time interval of response measurements is also 

discussed. In the time duration from 0.04 second to 1.0 second, the time interval is 

increased to 0.0025 sec and 0.005 sec, respectively. The displacements measured at 

Node point 1 in the x direction is shown in Figure 3.13(b) and 3.13(c), respectively. The 

results are given in Columns (5) and (7) of Table 3.5. The maximum errors for stiffiiess 

are 1.006%.and 3.919%, respectively. The maximum errors for damping coefficient are 

1.391% and 8.870%, respectively. 

Several important observations can be made fi-om the results given in Table 3.5. 

The Modified ILS-UI can be used to identify the parameters (stiffiiess and damping) at 

the element level without using information on input excitation. It is accurate, 

particularly when the responses are recorded at relatively small intervals. The accuracy 

of the proposed Modified ILS-UI method is much better than some of the other methods 

reported in the literature. The maximum percentage error of the proportional damping 

coefficient is bigger than other parameters. This may be because the value of a? is very 

small. It is only 10"^ order of the maximum stiffiiess parameter value. 



Table 3.5 Identified stiffiiess and damping of the two-story plane frame building 

Para

meters 

Exact At=0.001 sec. At=0.0025 sec. At=0.005 sec. 

(1) (2) 

Result 

(3) 

Error 
(%) 
(4) 

Result 

(5) 

Error 
(%) 
(6) 

Result 

(7) 

Error 
(%) 
(8) 

80556 80512 0.055 79746 1.006 77399 3.919 

^2 241667 241537 0.054 239262 0.995 232295 3.878 

ks 241667 241538 0.053 239264 0.994 232298 3.877 

k4 80556 80511 0.056 79756 0.993 77448 3.858 

ks 161111 161021 0.056 159503 0.998 154871 3.873 

ke 161111 161021 0.056 159504 0.997 154871 3.873 

ai 2.20482 2.20514 0.015 2.20041 0.200 2.22580 0.952 

^2 2.58275 
e-4 

2.59388 
e-4 

0.431 2.54683 
e-4 

1.391 2.35366 
e-4 

8.870 
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Figure 3.13 Displacement at Node 1 in x direction 

with the time interval from 0.001 to 0.005 sec. 



3.6 Conclusions 

A novel nondestructive damage evaluation method, the Modified ILS-UI method, 

is proposed and examined with numerical examples. Combined with the finite element 

method, this method uses structural dynamic responses at all nodal points to identify the 

structural stiffhess at the local element level. When the changes in stiffiiess are detected, 

this method can be used to identify local structural damage. Damping is an important 

parameter that affects the structural dynamic responses. Because damping is presented in 

almost all structures of practical use, correctly modeling damping becomes critical in the 

SI procedure. The Modified ILS-UI method accurately identifies the stif&iess for 

structures with viscous damping and proportional (Rayleigh-type) damping. Compared 

to viscous damping, the proportional damping can greatly reduce the number of damping 

parameters to be identified and provide a good overall damping characterization of the 

structure. As pointed out in this chapter, however, use of proportional damping also 

introduces non-linearity in the system identification, even though the dynamic system is 

linear. An algorithm and its efficient solution are proposed to address this non-linearity. 

The proposed Modified ILS-UI method does not require information on input excitation 

forces. This will significantly reduce the measurement efforts. The numerical results of 

various structural types demonstrate that this method is efficient and accurate. It provides 

an accurate SI parameter estimation, even with the presence of measurement errors. The 

results are much better than those using other methods reported in the literature. 
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CHAPTER 4 

SYSTEM IDENTIFICATION USING THE LOCALIZED STRUCTURAL MODEL 

4.1 Introduction 

Sometimes only parts of a system need to be inspected because of tlieir particular 

locations or loading conditions. If system identification can be performed only on these 

particular parts instead of on the whole structure, it will provide a significant advantage 

in saving time and money. A new approach called the SI using the Localized Structural 

Model is proposed in this chapter. The approach uses the Modified ELS-UI technique 

proposed in Chapter 3 to identify structural parameters (stif&iess and damping) at the 

selected local structural locations of special importance. It uses only the responses at 

nodes that are related to the local structure. The excitation forces applied to the local 

structure may be unknown and will be identified too. The response data used in SI may 

be noise-free or noise-polluted. The finite element method is used to model the linear 

dynamic structural system. The structural damping may be viscous damping or 

proportional damping (Rayleigh-type damping). System identification for a structure of 

proportional damping is a non-linear SI problem. This approach may be used for both 

types of damping. This chapter also discusses the requirements for a number of 

measurement points and locations to help implement the procedure. In addition, this 

method can be used as Phase I of the Modified ILS-EK-UI technique. 
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4.2 The Methodology of The SI Using The Localized Structural Model 

4.2.1 The Localized Structural Model 

Before proceeding to the discussion of the Localized Structure Model, it is 

necessary to define some related terminology first. A truss system shown in Figure 4.1 

is used to help the illustration. The structural system to be considered is modeled with 

finite element method. A subset of elements containing system parameters to be 

identified is called elements of interest, such as Elements 1 and 2 in Figure 4.1. Among 

nodes connected to element of interest, there is a smallest subset of nodes connecting to 

ail elements of interest This subset of nodes is called key nodes. In Figure 4.1, Nodes a, 

b, c and j are nodes connected to Elements 1 and 2, the elements of interests. Among 

these nodes. Nodes a and j are chosen as key nodes that connect to all elements of 

interest. Elements connected to key nodes are called related elements such as Elements 

1, 2, 3, 4, 5, 6, 7, 8,and 9 in Figure 4.1, that connect to either Node j or Node a. Nodes 

attached to related elements are called related nodes. In Figure 4.1, Nodes a, b, c, d, e 

and j are the related nodes. A local structure consists of the related elements and related 

nodes. 

Here notation NEsub and N^ub are used as the total number of elements of interest 

and the total number of key nodes respectively. For structure that each node has k DOFs 

(kdof), the total number of DOFs of key nodes is NDsub, i.e., MDjub = N^ub x kdof. Let 

NEri and Nri be the total number of related elements and related nodes, respectively. The 

total number of DOFs of related nodes is NDri, i.e., NDri=Nri x kdof. 



/ / / / / / / / /  

Figure 4.1 Plane truss and its local structure 

VO 
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For the plane truss structure shown in Figure 4.1, each node has two DOFs 

{kdof= 2). Element EL(j, c) (notation EL(j, c) represents an element connecting nodes j 

and c) and EL{a, b) axe the elements of interest The total number of elements of interest 

is 2, i.e. NEsub=2. The key nodes are node j and a. The total number of key nodes is 2, 

i . e . ,  N s u b  =  2 .  T h e n ,  t h e  t o t a l  n u m b e r  o f  D O F s  o f  k e y  n o d e s  i s  4 ,  i . e . ,  N D ^ u b  =  2 x 2  =  4 .  

The related elements are element EL(J, d), EL (j, e), EL(j, a), EL (j, b), EL(j, c), EL (a, 

b), EL(a, c), EL (a, d) and EL {a, e). The total number of related elements is 9, i.e., 

^Eri = 9. The related nodes are Nodes a, b, c, d, e, and j. The total number of related 

nodes is 6, i.e., Nri = 6. Then, the total number of DOFs of related nodes is 12, i.e., 

NDtn 6x2 = 12. The local structure consists of the nine related elements and six related 

nodes. 

Equation (3-1) in Chapter 3 is a group of governing equations of motion of a 

linear MDOF system; 

Mq(iO + CqCt) + Kq(t) = fCt) 

Each equation represents the equilibrium of the corresponding system DOF. It must be 

satisfied at any given time. For example, the jth equation represents the equilibrium at 

DOF j of the node (say Node J). Entries of this equation are from Node J and nodes that 

directly connected to Node J via connecting elements. Note that other nodes that are not 

connected to Node J do not contribute to its equilibrium. Let m be the number of time 

steps. If system parameters at a few locations (elements) are concerned, we may use a 

subset (= NDsub x ni) of equations that contain only the concerned parameters and related 

nodes and elements (total DOFs of related nodes = NDri). It is because that the total NDri 
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entries, Kjjx,.have values and others are zero in ND^ub rows of the stiffhess matrix of 

tlie structure. A subset (= NDsub w) of equations of motion selected from Equation(3-l) 

for the Localized Structural Model approach can be written as 

Msub4.ub (0 + (0 + (0 = (0 (4-1) 

Where M^ub, Csub. Ksub are NDsub x NDri matrixes selected from time-invariant mass, 

damping, stiffriess matrices of the local structure, respectively; fsub{t) is the unknown 

excitation force vector {{NDsub x m) x 1] applied to the key nodes of the selected local 

structure; qsub{0^ and are local structural displacement, velocity, and 

acceleration vectors, respectively, of size {NDri x I) of the related nodes at given time /. 

That is, only NDh numbers of DOFs of responses need to be measured in order to do the 

SI of the local structure. The matrix Csub may be viscous damping consists of element 

viscous damping coefficients c/ , /=/, 2, .... NEri; or proportion damping 

Csub ^ l^sub'^^2 ^sub • 

Now we can apply the Modified ELS-UI method proposed in Chapter 3 to 

Equation (4-1). The difference is that now only partial structure of related elements 

{local structure) need to be modeled, and the total nodes involved are related nodes of the 

local structure. That is, the responses (in terms of displacement, velocity, and 

acceleration) need to be measured are only on the related nodes. 
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4.2.2 Number of Related Nodes and Excitation Forces in a Local Structure 

Let m be the number of time steps. For a subset of structural system of NDsub 

DOFs, there are total m x NDsub equilibrium equations. In Equation (4-1), the 

unknowns are: element stiffiiess Atj. kz, kfjEri', element viscous damping coefficients 

C\, Cz,..., Cv£r/; or proportional damping coefficients ai, ai; and excitation forces at each 

of the m time steps J2,\,/2a, where I is 

the number of excitation forces and L < NDsub- The maximum number of unknowns are 

2y.NEri + m X L. According to the Least-Square method, the numbers of equations should 

be greater or equal to the numbers of unknowns in order to have a solution. That is 

m X NDsub ^ 2 X NEri + m x. L (4-2) 

In general, number of time steps m is much greater than 2 x NEri (w » 2 x NErl). If 

m X NDsub ^ m + m y. L 

is satisfied. Condition (4-2) will be satisfied too. In another word, if condition 

N D s u b > L ^ \  ( 4 - 3 )  

is satisfied, the total number of equilibrium equations is greater than the number of 

unknowns, provided the time steps is twice than the number of elements in the local FEM 

model. Thus, Equation (4-1) can be solved. In a special case of one excitation force, 

L= \, Condition (4-3) becomes 

NDsub > 2 (4-4) 

This means that the total number of DOFs in a local structure can be as few as two for 

much localized parameter identification if there is only one excitation source. 
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In other words, in a finite element model, the system equilibrium is reflected in 

nodal equilibrium. For system identification of a local structure, only related elements 

and a limited number of nodes connected to these elements are involved. These are the 

bases of the Localized Structural Model method. Using this method, only dynamic 

responses at a local region closely connected to the concerned structure part need to be 

measured. This dramatically reduces the requirement of measurements, allows engineers 

to concentrate their limited measurement equipment to the area of concern. This method 

also makes it possible to identify the whole system parameters by identifying parts of the 

structures, one at a time. Like the Modified E.S-UI method, this method also does not 

require excitation information. This makes the method more economical and convenient 

for practical engineering uses. 
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4.2.3 Steps of The SI Using The Localized Structural Model 

Five steps are required to identify a structure at a local level using the Localized 

Structural Model. They are: 

(1) Identify elements of interest, which contain parameters to be identified. This 

step often depends on the structural type, loading, material characteristics and 

the stress distribution. Referring to Figure 4.1, Elements 1 and 2 are the 

elements of interest. 

(2) Select key nodes. That is, to obtain Nsub, the total number of key nodes, and 

to obtain NDsub. the total number DOFs of key nodes, NDsuh = ̂ sub ^ kdof, for 

a structure that each node has k DOFs {kdof). Key nodes selected are nodes 

connected to the elements of interest. However, not all nodes attached to the 

elements of interest need to be selected. Only select enough nodes so that all 

element of interest are among the elements connected to the selected key 

nodes. In Figure 4.1, Nodes a and j are selected as key nodes, i.e., NsUh = 2. 

The equilibrium equations for Nodes a and j are used in the system 

identification, i.e. ND^ub =2x2 = 4 at time t. 

(3) Determine related elements. From the assembly procedure of finite element, 

related elements, which are connected to key nodes, will contribute their 

stiffness to the equilibrium equations. In Figure 4.1, Elements 1 to 9 are 

related elements i.e. NEri = 9. These related elements are going to be 

identified. 



101 

(4) Determine Related nodes. They are attached to the related elements and have 

their entries in the equilibrium equations. In this step, we get Nri, which is the 

total number of related nodes, and NDri, which is the total number DOFs of 

related nodes, NDri = Nri x kdof, for a structure that has k DOFs (JcdoJ) at each 

node. In the proposed SI using the Localized Structural Model, only 

measurement data at the related nodes are needed. . In Figure 4.1, the related 

nodes are Nodes j, a, b, c, d, and e, that is AV, = 6, NDri = 6 2 =12. 

Now, the local structure is formed by related elements and related nodes. 

(5) Solve Equation (4-1) using Modified ILS-UI technique presented in Chapter 

3. Then all parameters of related elements of the local structure will be 

identified along with the unknown excitation force. The Localized Structural 

Model only involves with partial of the FEM model. In fact, only related 

nodes of the concerned part of the structure need be modeled with FEM. 
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4.3 The LocaHzed Structural Model Applied to The Shear-Type Building 

In this section, a shear type building is identified to illustrate the application 

potential of the Localized Structural Model. 

4.3.1 The Localized Structural Model of The Shear-Type Building 

A typical multi-stor>' shear building is shown in Figure 4.2. hi this example, one 

unknown excitation (Z. = 1) is applied on Node j to help identifying structural parameters 

th at j -story of the shear building. At each node of the finite element of the shear building, 

there is only one DOF. So, the number of nodes and the number of DOF are identical. 
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Figure 4.2 N-story shear-type building and its local structure 
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As stated in Equation (4-3), the numbers of nodes of the local structure have to be 

greater than I + L, where L is the number of excitations. NDsub > \ -^ L = 2. Even if only 

parameters in one story need be identified, at least two key nodes are needed. Here two 

nodes, j-I and j are selected as key nodes. The local structure consists of three related 

elements. Elements j-2, y-1, and j (NEri = 3) and four related nodes, j-2,j-\, j, and y+l 

{NDri = 4). The measured response at all related nodes are needed. 

The governing equation of motion, Equation (4-1), for the local structure can be 

re-written for the purpose of system identification as: 

xSDsub)'ihsub ^ksubx.! 
= F(t) 

(.mxNDsub)'-.! (4-5) 

It is the same form as Equation (3-4), where hsub corresponding to h and ND^ub 

corresponding to A'^ discussed in Chapter 3. Corresponding to /» = 2 x NE, we have for 

the local structure h^ub = 2 x NEh = 6 in this example. At a giving time t. Equation (4-5) 

can be shown to be 

where (f) is the base acceleration. The effective earthquake force Pefr is related to 

0  ^  J - l  j - l  0  q j - q j . ,  q j - q j . , ^ C j _ ,  

fj (0 - « (0 - niflo (0 
(4-6a) 

^o(0 by = -M{iyq,. 
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By using the Modified ILS-UI method, the unknown parameters (stif&iess Ay.i, kj, 

kj+i, and damping Cj.\. cj, cy+t) of the local structures and the unknown input excitation fj{t) 

can be identified. It is clear that the response measurements, in terms of displacement, 

velocity, and acceleration, for at least four floors, are needed to identify the unknowns. 

If the element of interest is at the top floor, and so is the unknown input excitation 

force, or the unknown input excitation is seismic loading at the base, there are still two 

key nodes N and A^-1, and Nsub = 2. But the local structure consists of only two related 

elements N and A'-1, and NEri= 2, ( hsub = 2 x. NEri = 6). The related nodes are A'^1, 

and M-2, i.e., Nri = 3. The responses fi-om at least three floors at the top {NDri = 3) are 

needed to identify unknown stiffiiess and kfjA, viscous damping coefficients c,v and 

c,v-i, and also unknown input excitation force /v(/) [or ground motion ̂ ^ (/) ]. In this 

example Equation (4-5) can be re-written as: 

Using Equation (4-6) and the Modified ILS-UI method, the parameters, [stiffiiess 

kj.i_ kj^ Arj+/. and viscous damping coefficients cy./cy. cy+z for Equation (4-6a); or stiffness 

kj^.t^ ks. and viscous damping coefficients c^-i. cn for Equation (4-6b)], of the local shear 

building and unknown input excitation fjit) can be identified. 

^ N - l  Vs-2 9lV-/ 9s-l 9,\-2 is-l Rs 

9jV R\-l ^ 4IV 4s- I _  ^ N - l  

* 

-ftts-iRo 

fs -*"y9o 

(4-6b) 
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4.3.2 Numerical Example 

Here a numerical example is presented to demonstrate the application of the 

method of the SI using the Localized Structural Model of a shear-type building structure. 

Example 4.3.1: The seven-story shear-type building is the same as that in the 

Example 3.3.1 (see Figure 3.3). 

In this problem, it is assumed that only parts of two top levels of the seven-story 

shear building are going to be inspected . 

The first step is to set up a localized structural model. In order to inspect the parts 

of two top stories, a horizontal force (£ = 1) is applied at the top node N. Then the total 

number of DOFs of key nodes, NDsub, is at least two. Nodes N and N-J are selected as 

the key nodes. The number of DOFs of two key nodes is two, i.e., NDsub = 2.. The 

related elements are EL{N, N-\) and EL{N-\, N-2). The total number of related element 

is 2, i.e., NEri = 2. The related nodes are three: N, N-\, and N-2, i.e., NDri = 3 . The 

local structure consists of two related elements and three related nodes. 

When the mass of each story is known, the measured responses for at least three 

floors at the top {NDri = 3) are needed to identify unknown stiffness k^, ks-\, the viscous 

damping coefficient c^, cs-\, and the unknown input excitation force fsit)-

The local structure is then identified using the Modified ILS-UI procedure 

discussed in Chapter 3. 
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I The theoretical responses in terms of displacement, velocity, and acceleration 
I 

only at top three floors are calculated using the ANSYS program (SAS EP, 1995). The 

calculated responses are then used as measured responses for SI purpose. To generate the 

dynamic response data, the structure is excited by a random force of white noise applied 

horizontally to the top floor as shown in Fig. 3.4. The excitation force Lnformation is 

used for response data generation purpose only, and is not needed in the proposed SI 

procedure. Modified ILS-UI procedure is used to identified the local structure 

parameters (stiffiiess and viscous damping). 

The masses (kN sec~/m) at each floor are: 

mi = 103.2, m2 = 97.2, ma =97.2, m4 = 95.3 

ms = 100.2 ma =108.1 m7 = 76.6 

The responses used for SI are fi-om time 0.09s to 0.998s, at the time interval of 

0.01s, providing a total 91 time points. The noise-fi-ee response data are directly 

calculated fi-om ANSYS. The identified parameters and their percentage errors are given 

in Rows (3) and (4) of Table 4.1. The theoretical values are listed in Row (2) of 

Table4.1. The maximum error is 0.024 % for stiffiiess estimation and 0.137 % for 

damping parameters.. 

Realistically, measured data is always polluted by noises fi-om various sources. 

To compensate for this fact, the theoretical responses including displacements, velocities, 

and acceleration are modified with simulated noises. To address the presence of noise in 

the response quantities, numerically generated noise is added to them. In tliis study, the 

simulated noise is assumed to be white noise with the intensities 1%, 5%, and 10%, of the 
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root-mean-square (RMS) values of the response estimated at each DDOF of FEM nodal 

points. The identified parameters and their percentage errors for the three noise levels are 

shown in Rows (5) to (10) in Table 4.1. When noise is between 1% to 10 % range, the 

maximum errors are 0.179% for stiffness and 2.464% for damping. The procedure 

identifies the stiffiiess and damping parameters of the local structures with very good 

accuracy. Having compared the results of Example 3.3.1 in Chapter 3 ( in which, when 

the noise is between 0% to 5% range, the maximum errors are 0.431% for stiffiiess.), we 

can see that the SI using the Localized Structural Model approach is successfiil. 
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Table 4.1 Identified stiffiiess and damping of the local structure of the 7-story shear-type 

building. 

(1) 
ke ky C6 C7 

Theoretic 
(2) 

52300 16800 523.00 168.00 

0% 
Noise 

Result 
(3) 

52293 16796 522.58 167.77 0% 
Noise 

Error(%) 
(4) 

0.013 0.024 0.080 0.137 

1% 
Noise 

Result 
(5) 

52318 16799 521.76 167.32 1% 
Noise 

Error(%) 
(6) 

0.034 0.006 0.237 0.405 

5% 
Noise 

Result 
(7) 

52358 16813 521.36 167.49 5% 
Noise 

Error(%) 
(8) 

0.111 0.077 0.314 0.304 

10% 
Noise 

Result 
(9) 

52212 16830 527.29 172.14 10% 
Noise 

Error(%) 
(10) 

0.054 0.179 0.820 2.464 
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4.4 The Localized Structural Model Applied to Identify a Truss Structure 

4.4.1 The Localized Structural Model of The Truss Structure 

In this section, a truss structure is used to illustrate how the Localized Structural 

Model approach is used to identify element level stiffiiess k and proportion damping 

(Rayleigh-type damping), C = aiM + a^A" , of a truss structure with unknown input 

excitation. As explained in Chapter 3, it is a nonlinear system identification problem. 

Suppose that parameters to be identified are for element EL(j, c) in the truss 

structure shown in Figure 4.1. An excitation force (£ = 1) is applied at Node j in the>' 

direction. 

In this example. Element EL(j, c) is the element of interest. Node j is selected as 

the key node, — 1 • Because each node in the truss structure has two DOFs, the total 

number of DOFs of key nodes is 2, i.e., AODjub = 2 , and it satisfies the condition set by 

Equation (4-3), i.e., NDsub ^ + 1. There are five related elements. Elements EL(j, c), 

EL(J, b), EL(j, a), EL(j, e), and EL(j, d), which are directly connected to Node j, i.e., NEri 

- 5. The related nodes are Nodes a, b, c, d. e, and j. Nri = 6. Then, the total number of 

DOFs of related is 12, i.e., NDr\ = 2x6 —12. The structure consists of the five related 

elements and six related nodes. The measured responses (in terms of displacement, 

velocity, and acceleration) are responses in the x and y directions for all related nodes 

(;vAi = 12). 

The goveming equation of motion for the local structiu-e. Equation (4-1), can be 

re-written as: 



I l l  

^NDsub)i^hsub ^hsub^I xA'Dji#b)x/ (4-7) 

It is the same form as in Equation (3-4), where hsub corresponds to h and NDsub 

corresponds to « as discussed in Chapter 3. Corresponding to A = 2 x NE + 1, we have 

for the local structure 

hsub = 2 X NEri +1 = 11 (4-8) 

In this example, A{i)sub, D^ub, and F{t)sub are as follows: 

For A(j)sub at a giving time t, 

•Si',=«(')„., 

(4-9) 

Where S'^ub is similar to the one in Equation (3-25 ); the superscript ja of Si',, indicates 

form Element ja , or EL(J, a); the subscript 2x12 indicates the size MD^ub^ NDri ; and 

M2xI2 is matrix Msub as in Equation (4-1). 

For Dsub-
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A. . = 

kjc 

«-> 

(4-10) 

for F^ub at a given time v. 

' A O  
(4-11) 

Note that the force/(/) is i n y  direction at Node J in this example, and fjx(j) = 0. 

Using Equation (4-7) and the modified ELS-UI method, the parameters (stiffhess 

kja, kjb, kjc, kjd, kje, and proportional damping coefficients a\, az) of the local truss structure 

and unknown input excitation f/f) can be identified. In this case, response 

measurements, in terms of displacement, velocity, and acceleration, at twelve DOFs of 

six nodes are needed to identify the parameters of five elements of the local structure. 

If the parameter to be identified is in EL{h, p) of the structure in Figure 4.1, the 

Node h is selected as the key node, N^ub = 1, and ND^ub =2x1=2. There will be only 

three related elements, Elements EL{h, p), ELQi, q) and EL{h, r). NEri is reduced fi-om 5 

to 3. The related nodes are h, r, and q, (Node p is pined). Nri is reduced from 6 to 3. 

i.e. Nri = 3, and NDri =2x3 = 6. The local structure consists of these three related 
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elements and three related nodes. In this case, response measurements, in terms of 

displacement, velocity, and acceleration, at six DOFs of three related nodes are needed to 

identify parameters of three related elements of the local structure. 
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4.4.2 Numerical Example 

Here a numerical example is presented to demonstrate the application of the 

method of the SI using the Localized Structural Model of a truss structure. 

Example 4.4.1: A steel bridge truss structure, as shown in Figure 4.3, has 13 

bars. At each nodal point, there are two DOFs (horizontal and vertical). The bridge 

model has a total of 13 DDOFs. 

In this problem, only parts (Bars / to 6 of the bridge structure) are going to be 

inspected. This bridge is a plane truss structure. It is assumed that the mass of each 

element is known and the damping is proportional damping. 

The first step is to set up a localized structural model. In order to inspect the parts 

of the bridge, a vertical force (L = 1) is applied at Node 3. Node 3 is selected as the key 

node, i.e., Nsub = The number of DOFs of the key node is NDsub = 2. Key node 3 

directly connects four related elements: Bar 2, Bar 3, Bar 5, and bar 6. The related nodes 

of the four related elements are five, I, 2, 3, 4, and 5, i.e., Nrt = 5. Because the related 

nodes include Nodes I, 2 and 4, then Bar I and Bar 4 can be included in related elements 

automatically. Now, the total related elements are 6, i.e., NEri = 6. The local structure of 

the bridge consists of the six related elements and five related nodes in Figure 4.3. Since 

Node 1 has only one DDOF, the number of DDOFs of the related nodes is 9, i.e., NDri = 

9. Therefore the responses, in terms of displacement, velocity, and acceleration, need to 

be measured at least at nine DDOFs for the local structure of the truss in this case. 
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When the mass of each bar is known, the response measurements of at least nine 

DDOFs of five related nodes are needed to identify the unknown parts' parameters 

(stiffhess ki_ kj, ks, ks_ and proportional damping coefficients ai, 02) of the local 

structure of the bridge and unknown input excitation Jyjif). 

The local structure is then identified by using the modified ELS- UI procedure 

presented in Chapter 3. 

The theoretical structural dynamic responses, in terms of displacement, velocity 

and acceleration, are calculated at nine dynamic degrees of fi-eedom of five nodes (Node 

1 to Node 5) by using an ANSYS program (SAS EP 1995). To describe the proposed 

methodology, these responses are assumed to be measured. To generate the dynamic 

response data, the truss is excited by a sinusoidal load: Jyjit) = 30x sin(lOni), which is 

applied to Node 3 in the vertical direction as shown in Figure 4.3. The damping is 

assumed to be proportional damping (C= a/M + a^K). The mass-proportional damping 

coefficient aj and stiffness-proportional damping coefficient a? used to generate the 

theoretical responses are calculated as 2.03763 and 3.90026e-4, respectively. They 

represent damping coefficients assuming 3 percent of the critical damping for the first 

two natural vibration modes. The first two natural firequencies of the structure are 8.055 

Hz and 16.429 Hz, respectively. The excitation force information is used for response 

data generation purpose only, and is not needed in the proposed SI procedure. 

The task is to estimate eight unknown parameters of the local structure as 

accurately as possible using the proposed algorithm. 
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Measured responses for nine dynamic degrees of freedom are taken for a time 

period from 0.04 to 1.00 at the time interval of 0.001 second. No measurement errors 

are introduced into the responses (i.e. noise free) at this stage. The theoretical values of 

stiffness kj, Atj. Av. Atj, ke, and proportional damping coefficients ai, a2, are listed in 

Column (1) of Table 4.2. The identified parameters and their percentage errors are listed 

in Columns (2) and (3) of Table 4.2. The maximum error is 0.383% for stiffiiess and 

1.016%. for damping coefficients. 

Again, practically, noises are expected in the response measurements. To address 

the presence of noise in the response quantities, numerically generated noise is added to 

the FEM results obtained by using the ANSYS program in the same manners as described 

earlier. The noise is assumed to be a white noise with the intensities of 1% and 5% of 

the root-mean-square (RMS) value of the response estimated at each DDOF of FEM 

nodal points. The parameters of local structure are identified again, using the noise-

contaminated response data. The results for 1% and 5% noise cases are shown in 

Columns (4) and (7) of Table 4.2. The maximum errors for stiffness are 0.396% and 

0.771%, respectively. The procedure identifies the parameters of the local structures with 

very good accuracy. Having compared the results of Example 3.4.1 in Chapter 3, we can 

see the Localized Structural Model approach is successfiil. 
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• Bar in local structure 
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4 at 40' = 160^ 

Figure 4.3 The bridge plane truss and its local structure 
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Table 4.2 Identified stiffiiess and damping of the local structure of the bridge 

Exact 0% Noise 1% Noise 5% Noise 

Result Error Result Error Result Error 

(1) (2) 
( % )  
(3) (4) 

( % )  
(5) (6) 

( % )  
(7) 

ki 2341.1 2332.6 0.363 2332.5 0.367 2324.4 0.713 

ki 1872.9 1866.0 0.368 1865.8 0.379 1859.3 0.726 

k= ks 3121.5 3118.9 0.083 3120.1 0.045 3112.6 0.285 

EA 

L 
k4 2341.1 2332.8 0.355 2332.6 0.354 2324.6 0.705 

ks 1872.9 1866.2 0.358 1866.3 0.352 1861.0 0.635 

2271.2 2262.5 0.383 2262.2 0.396 2253.7 0.771 

ai 2.03763 2.03401 0.178 1.97958 2.849 1.87905 7.783 

<^2 3.90026 3.93988 1.016 4.12876 5.859 4.43686 13.758 

e-4 e-4 e-4 e-4 
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4.5 The Localized Structural Model Applied to Identify Plane Frame Structure 

4.5.1 The Localized Structural Model of the Plane Frame Structure 

In this section, a frame structure is used to illustrate how the Localized Structural 

Model approach is used to identify element level stiffiiess k and proportion damping 

(Rayleigh-type damping), C — aiM + a^A", of the frame structure with unknown input 

excitation. As explained in Chapter 3, it is a nonlinear system identification problem. 

Suppose that parameters to be identified are for Element EL(J, b) in the frame 

structure shown in Figure 4.4, i.e. EL(j, b) is the element of interest. We can add ether 

one unknown input excitation (Z = 1) at one DOF of Node j or two unknown input 

excitations (Z, = 2) at two DOFs of Node j. 



0, 

 ̂X 

120 

Part in structure 

Part in local structure 

g 

Figure 4.4 The plane frame structure and its local structure 
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In this example. Element ELij, b) is the element of interest. Node j is selected as 

the key node, and M^ub = 1- Because that each node in the frame structure has three DOFs 

(displacements x, y, and rotation 0)., the total number of DOFs of one key node, NDsub = 

3, and it satisfies the condition set by (4-3), i.e., NDsub ^ Z, + 1. The local structure of the 

frame in Figure 4.4 consists of three related Elements: EL(j, a), EL(j, b), EL(J, c), i.e., 

NEri = 3.. The total related nodes (Nri) of related elements are four, i.e., j, a, b, and c. 

The local structure consists of the three related elements and four related nodes. The total 

responses need to be measured at twelve DOFs {NDh -12) for the local structure of the 

frame. 

The governing equation of motion for the local structure can be the same form as 

in Equation (4-7), i.e., 

(mxAfDmi)*/ (4~12) 

It is the same form as Equation (3-4), where hsub corresponds to h and NDsub corresponds 

to n discussed in Chapter 3. Corresponding to ^ = 2 x NE + 1, we have for the local 

structure (in this example) 

hsub = 2 X NEri + 1 = 7  

In the example, /l(/)sub, Dsub and F{t)sub are as follows. 

For A{t)sub at a given time f. 

•^3^^.2^(0,2.. '5/X.2^(0,2X. •y3x,2^(0,2x, -^3x.2^(0,2>., ] 

(4-13) 
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Where S'^ub is similar to the one in Equation (3-25 ); the superscript ja of indicates 

form Element ja , or EL(j, a); the subscript 5x12 indicates the size NDsub>^ NDri ; and 

Mixn is matrix M^ub as in Equation (4-1). 

For Dsub 

\ k ,  

JC 

^7*1 — \  ̂l ^ j a  

«2^yc 

and for /'(/)sub at a given time t: 

(4-14) 

- ̂3x,2^(0,2. (4-15) 

Note that there are at least one of /(/)sub which is zero. 

Using Equation (4-12) and the modified ILS-UI method, the parameters (stiffiiess 

^a, kjtj, kjc, and proportional damping coefficients a\, 02) of the local structure of the frame 

and input excitation /j{t) can be identified. It is clear that the response measurements, in 

terms of displacement, velocity, and acceleration, for at least twelve DOFs of four nodes, 

are needed to identify the unknowns in this case. 

If the parts to be inspected are located at the top level, such as Element de in 

Figure 4.4, we can add one unknown input excitation at one DOF at Node d or two 
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unknown input excitation at two DOFs at Node d. When we select Node as the key 

node, the ND^ub = ^ because the key node has three DOFs. Then two related elements 

iNEri = 2) which directly connect to the key node {d) are EL{d, e) and EL{d, g). The 

three related nodes of related elements are d, e, and g. So the total number of DOFs of 

related nodes is nine, i.e., NDri = 9. The local structure in this case consists of two related 

elements and three nodes. The total numbers of responses at least to be measured are 9 

DOFs of three related nodes. Using the modified ILS-UI method, the parameters 

(stiffness kde, kdg, and proportional damping coefficients a\, ai) of the local structure and 

unknown input excitation can be identified. 
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4.5.2 Numerical Example 

Here a numerical examples is presented to demonstrate the application of the 

method of the SI using Localized Structural Model of a frame structure. 

Example 4.5.1: A 2-story steel plane frame shown in Figure 4.5 is used to verify 

the proposed method. 

0 

X 

m Q 2 

12 

4 

15 

77m 
5 

30 

Figure 4.5 The two-story plane frame and its local structure 



The two-story steel plane frame is modeled on 6 beam elements. For each nodal 

point, 3 dynamic degrees of freedom (two transnational and one rotational, as shown in 

Figure 4.5) are considered. 

In this problem, only parts (Elements 1 and 2) of the frame structures are to be 

inspected. It is assumed that the mass of each element is known and the damping is 

proportional damping. 

The first step is to set up a Localized Structural Model. In order to inspect the 

parts of the frame, a horizontal force (L = 1) is applied on the top node 1. Node 1 is 

selected as the key node, i.e., NDsub — 3, because there are 3 DOFs of each node. The 

related elements, which directly are connected to key node 1, are Element / and 2, i.e., 

NEri = 2. The related nodes of related elements are three. Nodes I, 2, and 3, i.e., Nri = 3. 

The number of DDOFs of related nodes is 9, i.e., NDri = 9. The local structure of the 

frame in Figure 4.5 consists of two related elements and three related nodes. The total 

responses, in terms of displacement, velocity, and acceleration, need to be measured at 

nine DOFs {NDh = 9) for the local structure of the frame. 

When the mass of each element is known, then the response measurements of at 

least nine DOFs of three nodes are needed to identify the unknowns parts' parameters 

(stiffriess k]^ k2, and proportional damping coefficients ai, 02) of the local structure of the 

frame and unknown input excitation/(/). 

The local structure is then identified by using the modified ILS- UI procedure 

presented in the Chapter 3. 
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The theoretical structural dynamic responses, in terms of displacement, velocity 

and acceleration, are calculated at nine dynamic degrees of fi'eedom of three related 

nodes by using an ANSYS program (SAS CP 1995). To describe the proposed 

methodology, these responses are assumed to be measured. To generate the dynamic 

response data, the frame is excited by a sinusoidal load: fxi{t) = \0x 5in{30t), which is 

applied to Node I in the horizontal direction as shown in the Figure 4.5. The damping is 

assumed to be proportional damping (C= aiM + azK). The mass-proportional damping 

coefficient ai and stifi&iess-proportional damping coefficient ai used to generate the 

theoretical responses are calculated as 2.20482 and 0.000258275, respectively. They 

represent damping coefficients assuming 3 percent of the critical damping for the first 

two natural vibration modes. The first two natural frequencies of the structure are 

7.283117 Hz and 29.690242 Hz, respectively. The excitation force information is used 

for response data generation purpose only, and is not needed in the proposed SI 

procedure. 

The task is to estimate four unknown parameters of the local structure as 

accurately as possible using the proposed algorithm. 

Measured responses for nine dynamic degrees of freedom are taken for a time 

period from time 0.04 to 1 second at the time interval of 0.0025 second, and giving a total 

385 time points. The four unknown parameters of local structure are then identified 

using the proposed methodology. The identified stiffiiess of frame members and the 

proportional damping coefficients a/, and their percentage errors are given in Columns 

(4) and (5) of Table 4.3. The theoretical values are listed in Column (2) of Table 4.3. 



The maximum error is 0.957% for stiffiiess and 0.504% for damping. Having compared 

the results of Example 3.5.3 (the maximum error is 1.006% for stiffiiess and 1.391% for 

damping at the time interval of 0.0025 sec), we can see the Localized Structural Model is 

successful. 

Further, the results obtained by the Localized Structural Model, can be used as the 

best estimated values of the parameters required in phase I of the modified ILS-EKF-UI 

method discussed in Chapter 5 to identify the whole structure by using a few responses 

without input information. Here smaller time intervals (At = 0.0005) with time histories 

from 0.02 to 0.475 sec (the total time points are 911) are used, and the other conditions 

are the same as that in 0.0025 time intervals. The local structure is again identified and 

the results are given in Columns (2) and (3) of Table 4.3. The maximum error in this case 

is 0.045% for stiffiiess and 0.726% for damping. It shows when the responses are 

recorded at a relatively small interval, it is expected to be accurate. 

The simulated J{t) and theoretical force (J{t)=10x sin{30t)) are showed in 

Figure4.6. The maximum error is 0.033. 



128 

Table 4.3 Identified stif&ess and damping of the local structure of the two-story plane 

frame building 

Exact At = 0.0005 

Total 911 sample points 

At = 0.0025 

Total 385 sample points 

(1) Result 

(2) 

Error(%) 

(3) 

Result 

(4) 

Error(5) 

(5) 

k= kt 80556 80520 0.045 79785 0.957 

EI 
L ki 241667 241560 0.044 239379 0.947 

ai 2.20482 2.20443 0.018 2.19371 0.504 

< 2̂ 2.58275e-4 2.60151e-4 0.726 2.58586 0.121 
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Seriesl Series! 

15 

TIME 
-15-

Figure 4.6 The theoretical force (J{t)=10xsin{30t)) and its simulated force 

(Seriesl is theoretical force and series 2 is simulated force) 

(The maximum error is 0.033) 
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4.6 Conclusions 

In general, a large number of degrees of freedom is necessary to model 

engineering structures in the real world. In this research, a novel nondestructive damage 

evaluation model of the Localized Structural Model is proposed to detect defective parts 

of the system at the element level. Both viscous damping and proportional damping 

(Rayleigh damping,), i.e., the damping proportional to the mass and stiffiiess, are 

assumed in developing the equation of motion. This introduces a source of nonlinearity 

into the system identification algorithm. By using the Localized Structural Model 

technique, the parameters (stiffiiess and damping) of the locale structure are identified 

using the responses, in terms of displacement, velocity, and acceleration, observed at a 

few DOFs of related nodes without the information of the input excitation, even when the 

responses are contaminated by noise. This research also includes the development of 

criteria for the numbers and locations of minimum and optimal response measurements to 

help implement the procedure. The formulations in terms of state vector, observation 

matrix, and equation of motion of the local structure are presented. The Modified ELS-UI 

presented in Chapter 3 is applied to identify the unknown parameters (stiffiiess and 

damping) of the local structure extracted from the whole system and the unknown input 

excitation in the time domain from some responses at a few DOFs of interest. 

The SI is performed on a local structure (related elements of related nodes) only, 

instead of the whole structure. It provides a significant advantage in terms of saving time 

and money without sacrificing accuracy. The effectiveness and economy of the 

Localized Structural Model methods is illustrated by numerical examples on a shear 
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building, a plane truss bridge, and a plane frame building. It is shown that the accuracy 

and stability are significantly improved by the Localized Structural Model methods. 

In addition, the results obtained by the Localized structural Model approach 

proposed in this chapter can be used as the initial values of the modified ILS-EKF-UI 

procedure to be presented in Chapter 5. It means that the SI using Localized Structural 

Model can be the Phase I of the Modified ILS-EKF-UI method to identify the whole 

structure by using a few responses without input information. 
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CHAPTER 5 

MODIFIED ILS-EKF-UI METHOD 

5.1 Introduction 

The modified ILS-UI approach presented in Chapter 3 requires response measurements 

at all dynamic degrees of freedom. In general, many structural systems of practical 

importance are required to be modeled using a large number of dynamic degrees of 

freedom. A method that can reduce the number of measiu-ements will provide significant 

savings and convenience. The Extended Kalman Filter method with weighted global 

iteration (EK-WGI) has been used for system identifications with known excitation and 

partially known responses, i.e., responses are not available at all dynamic DOFs (Imai et al. 

1989, Koh et at. 1991, Hoshiya and Sutoh 1993,1995). The method proposed here, denoted 

hereafter as the Modified ILS-EKF-UI Method, is expected to further improve the system 

identification capabilities without excitation information. 

The basic Kalman Filter method (Kalman, 1960), (Kalman et al. 1961), Extended 

Kalman Filter (EKF) ( Jazwinski, 1970, Yun and Shinozuka, 1980), which is essentially a 

method of sequential least-squares estimation, has been accepted more and more by most 

experts in identifying both linear and nonlinear structures since the EKF-based 

techniques do not have to measure the responses at every dynamic degree of freedom. 

Hoshiya and Satio (1984) incorporated a Weighted Global Iteration procedure into the 

Extended Kalman Filter technique (EK-WGI) to obtain the stable and convergent 
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solutions in the identification of both linear and bilinear systems. However, these 

methods are based on the known input information. 

To avoid using information on input excitations and estimating the initial values 

of parameters required by EK-WGI method, the Modified ILS-EKF-UI procedure is 

proposed here. The proposed Modified ILS-EK-UI procedure is carried out in two 

phases. In Phase I, the initial values of the unknown system parameters and the unknown 

input excitation are obtained by using the Modified ILS-UI technique (Chapter 3) and 

Localized Structm-al Models (Chapter 4). In Phase U, based on data obtained in Phase I, 

the EK-WGI technique is used to identify all unknown system parameters using response 

measurements at fewer dynamic DOFs. The flow chart of the proposed Modified ILS-

EK-UI is shown in Figure 5-2. 

This method allows the finite element mesh to be refined fiirther for more locaUzed 

parameter identification without additional response information. 

The proposed method is verified with several examples. Several important 

observations are made. 
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5.2 The Methodology of The Proposed Modified ILS-EKF-UI Method 

5.2.1 Basic EK-WGI Technique 

It is necessary to briefly describe the EK-WGI method (Jazwinski, 1970; Yun and 

Shinozuka, 1980; Hoshiya and Saito, 1984; Lewis, 1986) as the background of Modified 

ELS-EKF-UI procedure. 

From the equation of motion for the system, a set of state equations can be written 

as follows: 

(5-1) 

r„ =*[*,,/, J+ v, (5-2) 

where r is the time, Xt is the state vector. X,^ ~ N{X,^, ) implies that X,^ is an initial 

state vector of Gaussian random variables with mean X. and an error covariance P. . 
'0 'o 

Y. is the observation vector at time t,. v, is a vector of zero mean white noise 'i 'i 

processes uncorrelated with X,^. 

From Equations (5-1) and (5-2), a recursive process of the EKF technique can be 

carried out in the following steps, starting from time /,: 

Step 1. Start with the initial state vector Xitj/t.) and its error covariance P(^t/ti). 

Step 2. Time update: evaluate the predicted state ^(/.^//,) and its error covariance 

using 
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= X(/,/r,) + ]f[X{t/tMdt (5-3) 

and 

^ )] • //,) • O'-[r,,,.; A'(//r (5-4) 

where ,t•;X{t^/t•)\\s the state transformation matrix from time r, to r,+/ and 

can be written in approximate form as (for small At): 

a>[/,,„r,; JV(/,//,)] = / 4- A/ . F[t,;Xit/t,)] (5-5) 

in which 

F[t,;Xit/t,)] = 
d f j X , , ! , )  

Xff -X(_tf / If) 

(5-6) 

where Xj is thecomponent of vector AT, 

Step 3. Estimate the Kalman gain matrix 

{M[t,^,:X{t,^,/t,)]. P(^,.//,) • M'[t,^,:Xit,^,/t,)] + i?(r,,,)}•' (5-7) 

where 

M[tr.x(t,/tj] = 

dh(X,.t,) 

d X .  
(5-8) 

in which, Xj is thecomponent of vector A", 
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Step 4. Measurement update: estimate the state vector^(/,.^//f,^/) and its error 

covariance /^w)by 

and 

P ( t , =  { l A , ) ] ' P i t , „ / t , )  

.  { /  -  a : [ ; , M [ r ,  

+ K[t,„: )]. «((,„) .*••[<,.,; )] (5-10) 

Step 5. Retiun to Step 1 with time = f,+/. Repeat steps 1 to steps 5 until /, = t„, where tm 

represents the discrete time at the last time instance of the measurements. 

This iteration process, from /, = to to is defined as the local iteration. When this 

local iteration procedure is completed, a weighted global iteration procedure with an 

objective function can be incorporated into the local EKF procedure to obtain the stable 

and convergent solutions (Hoshiya and Saito 1984). 

In the EK-WGI procedure, global iterations are carried out by weighing the initial 

error covariance matrix at each global iteration. At the begiiming of the first global 

iteration, the initial values are set toX(/o lto) = X,^ and /»(/„ /t^) = P,^. At the end of 
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each global iteration, the local EKF iteration generates the estimations of and 

error covariance /'„) • If 

or the objective function 0 reaches the total minimum, then end the procedure; otherwise 

these values are used as the initial value of the next global iteration when the weight vv is 

incorporated along with the initial error covariance matrix in each global iteration: 

where superscript j represents the j global iteration. 

In general, the large initial covariance is favorable in order to accelerate the 

extended Kalman filter processing, while the stability might be sacrificed to some extent. 

Therefore, the weight used leads to a great fluctuation of It.) in the initial stage for 

the enlargement of the initial covariance in each iterations. (Hoshiya and Saito, 1984) 

Covariance matrix which corresponds to the convergence of state vector is 

actually distorted by a weight vv. So for the confirmation of convergence of the state 

vector, an objective function is used. 

The objective function is represented by 

/^q) = weighted 1) 

H 2 
(5-11) 

in which 



138 

and 

=yu),, -f'ilXiU (5-12) 

where N' is the size of the observation vector and m is the number of sample time 

points of the observation. When 0 reaches the total minimum, it indicates that 

differences between each observation and corresponding estimations become totally 

minimum, thus keeping their balance (Hoshiya and Saito, 1984). 

The flow chart of the EK-WGI procedure is given in Figure 5.1. 



no 

minimum 

no 

or 6 

i = m ? 

i = 0 

START 

END 

Assume Initial X(to/to) and P{to/to) 
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Figure 5.1 Flow Chart for EK-WGI procedure 
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5.2.2 The Proposed Modified ELS-EKF-UI Procedure 

The EK-WGI procedure requires input excitation information, and initial value of 

state variables to be identified and their error covariance matrix. To further improve the 

technique of the EK-WGI method, the modified ELS-EKF-UI method is proposed here. It 

does not require excitation information and generates information on the initial 

parameters using the Modifies ILS-UT procedure. It allows the identification of structural 

parameters at the element level using measured responses at reduced number of dynamic 

DOFs. The Modified ILS-EKF-UI procedure, which is a combination of the Modified 

ELS-UI procedure. Localized Structural Model, and the EK-WGI method, is described in 

this section. 

For an linear MDOF system modeled with N nodes and ne finite elements, the 

governing equation of motion 

Mm + Cq(t) + Kqit) = /(t) 

It can be expressed in the form of state equation as: 

dX. 

dt 

where state variables Xi is defining as 

X 

(5-13) 

with 
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9/ 

^2 II X =' 
' J 

^2 (5-14) 

k 
1 —J 

For viscous damping, X4 can be represented as: 

c. 
(5-15) 

where Ci is the viscous damping coefficient of the corresponding element. For 

proportional damping C = a,M + a^K , X4 can be represented as: 

For viscous damping, the state equation can be rewritten as 

- M - ' [ C { X , ) X , + K { X , ) X ,  - / ( O )  

0 

0 

If proportional damping is used, the rewritten state equation takes the form 

(5-16) 

X" 
r 

d 

dt 
> = * (5-17) 

X" 
d -M 

dt' 0 

A. 0 

(5-18) 
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As pointed out earlier, the EK-WGI technique requires information on input excitation 

and the initial values of vectors X(tg/tg) and error covariance matrix Pitg/t^). The initial 

variable A'C/g/r^,) includes the initial values of unknown state parameters 

('o ̂ ^0) Co /'f0) • The weighted initial error covariance matrix is 

P''\tg/tg) = 
0 0 

0 0 

0 

0 

0 

0 

0 

0 
(5-19) 

The discrete observation equation (5-2) can be expressed as 

Y,^=HX,^+v,^ (5-20)  

where H is a. transfer matrix. The observation vector at time t,- includes displacements 

and velocities. 

The Modified ILS-EKF-UI procedure is carried out in two phases: 

• Phase I: Using the Modified ELS-UI (Chapter 3) and the Localized Structural Model 

(Chapter 4) techniques, the information on the initial values of the unknown system 

parameters and the unknown input excitation is obtained. 

• Phase II: Use the EK-WGI technique to identify all unknown system parameters using 

the information generated in Phase I. The EK-WGI method has been discussed earlier. 



Summary of the Proposed Modifled ILS-EK-UI Procedure: 

Step 1. Set up state vectors X = [AT/, X2, X3, X4Y • 

Step 2. Using the Localized Structural Model proposed in Chapter 4 and the Modified 

ILS-UI algorithm developed in Chapter 3, set up the governing equation of 

motion for the local structure as: 

^SDsub)j^hsub ^hsub^l ^im^NDsuh'pt-l 

For different structure, such as shear building, plane truss or plane frame 

structures, the contents of Ait)suh Dmh F{t)^ub may change [as shown in 

Equation (4-5) to Equation (4-15) in Chapter 4], but all follow a similar 

formulation. Details on the minimum requirement on numbers of nodal 

measurements and locations are also discussed in Chapter 4. 

Step 3. Identify vector Dhsub and input excitation/(/) with measured responses using the 

Modified E-S-UI method discussed in Chapter 3 and the Localized Structural 

Model presented in Chapter 4. 

Step 4. Set up initial values of vectors Xj{tg/tg)andX^{to/to) using local results 

obtained in Step 3. 

Step 5. Apply EK-WGI procedure using information on excitation obtained in Step 3, 

initial values at the system parameters obtained in Step 4, and measured 

responses at a few dynamic DOFs to identify system parameter vectors 

A' jandA'^.  
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The flow chart of the proposed Modified ELS-EKF-WGI procedure is presented in 

Figure 5.2. 
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Figure 5.2 Flow chart for the Modified ILS- EKF-UI procedure 
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5.3 Numerical Examples 

Two examples are presented to verify the Modified ILS-EKF-UI methods. In 

order to compare the results obtained by the Modified ILS-EKF-Ul technique using 

limited response measurements with the results obtained by the Modified ELS-UI 

procedure where responses are available at all DDOFs. The seven-story shear building 

with viscous damping in Example 3.3.1 is considered first. In the second example, the 

two-story frame building with proportional damping in Example 3.5.2 is considered 

again. 

EXAMPLE 5.1 The seven-story, shear-type building shown in Figure 3.3 in Example 

3.3.1 is considered again, but the output measurements are considered to be available 

only at the top three floors to verify the Modified ELS-EKF-UI methods. 

In this example, the mass of each floor is assumed to be known (listed in 

Column? of Table 5.1). The system parameters needed to be identified are stiffiiess ki to 

and viscous damping coefficient c/ to c?. 

The theoretical structural dynamic responses in terms of displacement, velocity, 

and acceleration at the top three floors are calculated using the ANSYS program (SAS IP, 

1995). To generate the dynamic response data, the structure is excited by a horizontally 

applied white noise, as shown in Figure 3.4, applied to the top floor. The excitation force 

information is used for response data generation purpose only, and is not needed in the 

proposed system identification procedure. The calculated responses at the top three floors 

are then used as measured responses for the SI purpose. 
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The system parameters are then identified by using the Modified ELS-EKF-UI 

procedure. 

The first step in the Modified ILS-EKF-UI procedure is to set up the state vectors 

as discussed in Equations (5-13) to (5-15). The state equation is Equation (5-17). 

The second step is to set up the Localized Structure Model using Equation (4-6b). 

In this example, responses fi-om at least the three top floors {NDri = -?) are needed to 

identify parameters on the top two floors, i.e., stiffiiess ks and ks-i and viscous damping 

coefficients and c^.i. Here N is 7. Therefore, responses fi"om the top three floors are 

used. 

The third step is to identify the vector Dhsub=[kN, k^.i, Cn, using the 

Modified ILS-UI method and the response data at the top three floors. The excitation 

forcey(0 is also to be identified as the byproduct. 

The fourth step is to obtain an initial estimation of the state vector 

X/tJt^)zxidX^ito/tg) of all floors based on the identified vector Dhsub.. These initial 

estimation data are needed in the EK-WGI process. 

The fifth step is to identify all unknown system parameter vectors Xj andwith 

the EK-WGI procedure, using the estimated input forces from Step 3, the initial value set 

up in Step 4, and the response data measured at the top three floors. Responses time 

histories for the 5'^, 6'*^, and floors between 0.090 to 0.998 second at 0.001 second 

time interval are available, giving total 909 time points. 
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The results and the percentage errors are given in Columns (2), (3), (5), and (6) of 

Table 5.1. The theoretical values are listed in Columns (1) and (4) of Table 5.1. The 

maximum error is 0.510 % in stiffiiess, and 2.003% in viscous damping coefficient. 

Comparing the results with those in Example 3.3.1 listed in Columns (2) of Table 

3.1, which uses the Modified ILS-UI technique and response data at all floors in the same 

time period but at the time interval of 0.01 second, the results are not much different. 

In this example, only response data from the top three floors are used in the 

Modified ILS-EKF-Ul procedure. For the purposes of comparison, a few more examples 

are studied, using response data from top four, five, six, and seven floors respectively. 

The results are listed in Columns (1) to (5) of Table 5.2. It shows if the responses of 

more floors are measured, more accurate parameter will result. 
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Table 5.1 Identified stiffiiess and viscous damping coefficients of the 7-story 

shear building using Modified ILS-EKF-UI procedure 

Story ki Ci Mass 

Theoretic Identified Error Theoretic Identified Error 

(%) (%) 

(1) (2) (3) (4) (5) (6) (7) 

1 64500 64424 0.118 645 638.13 1.065 103.2 

2 63400 63693 0.462 634 641.63 1.203 97.2 

3 72700 72541 0.219 727 741.56 2.003 97.2 

4 72100 71732 0.510 727 719.64 0.189 95.3 

5 68700 68799 0.144 687 680.42 0.958 100.2 

6 52300 52305 0.010 523 522.22 0.149 108.1 

7 16800 16798 0.012 168 167.77 0.137 76.6 
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Table 5.2 Result comparison for the 7-story shear-type building using responses 

of different number of floors 

# = number of f oors of response measurements 
# = 3 

(1) 

# = 4 

(2) 

# = 5 

(3) 

# = 6 

(4) 

# = 7 

(5) 
K, 

(error %) 
64424 
(0.118) 

64516 
(0.024) 

64511 
(0.017) 

64446 
(0.084) 

64501 
(0.002) 

K2 
(error %) 

63693 
(0.462) 

63392 
(0.013) 

63400 
(0.000) 

63470 
(0.110) 

63398 
(0.003) 

Ks 
(error %) 

72541 
(0.219) 

72703 
(0.004) 

72701 
(0.001) 

72725 
(0.034) 

72712 
(0.017) 

K, 
(error %) 

72732 
(0.510) 

72158 
(0.080) 

72192 
(0.178) 

72121 
(0.029) 

72115 
(0.021) 

(error %) 
68780 
(0.144) 

68647 
(0.077) 

68641 
(0.086) 

68711 
(0.016) 

68708 
(0.012) 

K6 
(error %) 

52305 
(0.010) 

52303 
(0.006) 

52303 
(0.006) 

52300 
(0.000) 

52301 
(0.002) 

Kj 
(error %) 

16798 
(0.012) 

16798 
(0.012) 

16798 
(0.012) 

16798 
(0.012) 

16798 
(0.012) 

Cl 
(error %) 

638.13 
(1.065) 

649.90 
(0.760) 

647.35 
(0.364) 

648.81 
(0.591) 

645.69 
(0.107) 

C2 
(error %) 

641.63 
(1.203) 

626.52 
(1.180) 

630.16 
(0.606) 

627.30 
(1.057) 

633.94 
(0.009) 

Cj 
(error %) 

741.56 
(2.003) 

727.46 
(0.063) 

724.46 
(0.349) 

725.51 
(0.002) 

726.05 
(0.131) 

C4 
(error %) 

719.64 
(0.189) 

720.57 
(0.060) 

721.87 
(0.121) 

719.51 
(0.207) 

720.11 
(0.123) 

Cs 
(error %) 

680.42 
(0.958) 

685.43 
(0.229) 

686.49 
(0.074) 

686.27 
(0.001) 

686.63 
(0.054) 

(error %) 
522.22 
(0.149) 

522.26 
(0.141) 

522.36 
(0.122) 

522.49 
(0.098) 

522.68 
(0.061) 

C7 
(error %) 

167.77 
(0.137) 

167.75 
(0.149) 

167.76 
(0.143) 

167.78 
(0.131) 

167.80 
(0.119) 
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EXAMPLE 5.2. The two-story plane frame structure with proportional damping shown 

in Figure 3.12 of Example 3.5.3 is used to verify the Modified ILS-EKF-UI methods. In 

this example, only responses at nine DDOFs of three nodes (Nodes 1, 2, and 3) are used 

in the identifications of stiffiiess and proportional damping of all elements of the 

structure. Input excitation information is not needed in the process. 

The theoretical responses, in terms of displacement, velocity, and acceleration, are 

generated using the finite element software ANSYS (SAS IP, 1995). To generate the 

dynamic response data, the structure is excited by a sinusoidal force, Jlt)=10x sin(30t), 

horizontally applied to Node 1, which is the same as in Example 3.5.3. The excitation 

force information is used for response data generation purpose only, and is not needed in 

the proposed SI procedure. The system parameters are identified using the Modified ILS-

EKF-UI procedure. 

The first step of the Modified ELS-EKF-UI procedure is to set up the state vectors 

as discussed in Equations (5-13), (5-14), and (5-16). The state equation is Equation(5-18). 

The second step is to set up tlie Localized Structural Model using Equation (4-12) 

to (4-15). In this example. Node 1 is selected as the key node and NDsub = 3 (because 

each node has three DOFs). The related elements are Elements 1 and 2, whose 

parameters are to be identified first. The related nodes of related elements are Nodes 1, 

2, and 3. Therefore responses from three nodes (Nodes 1, 2, and 3) are used for the 

parameter identifications of the related Elements 1 and 2, i.e., stiffiiess kt and kz and 

proportional damping coefficients ai and aj. 
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The third step is to identify the unknown local parameters (stif&ess k ] ,  k z ,  for 

Element 1 and 2) and proportional damping coefficients a? and a/ using the Modified 

ILS-UI method and the response data of Nodes I, 2, and 3. The excitation force y(0 is to 

be identified as the byproduct of the procedure. 

The fourth step is to obtain an initial estimation of the state vector 

X/tyt^)andX^{tg/tg) of all elements based on the identified parameters of Elements 1 

and 2. These data are needed in the EK-WGI process. 

The fifth step is to identify the entire unknown system parameter vectors 

X^andX^ with the EK-WGI procedure, using the estimated input forces from Step 3, the 

initial value obtained in Step 4, and response data of the three nodes (Nodes 1, 2, and 3). 

Responses time histories between 0.02 to 0.475 second at 0.0005 second time interval 

are available, giving total 911 time points. 

The results are given in Columns (5) and (6) of Table 5.3. The theoretical values 

are listed in Columns (2) of Table 5.3. The maximum error for stiffiiess is 1.230 %. The 

maximum error for mass-proportional damping coefficient ai is 1.475% and for stiffiiess-

proportional damping coefficient a2 is 8.311%. It is noted that the magnitude of 

proportional damping coefficient a? is about 4 orders smaller than aj and 9 orders smaller 

than the stiffiiess. This may contribute to a larger numerical error in a?. 

If these results and the results of Example 3.5.3, which uses the Modified ILS-UI 

technique and response data at all nodes fi-om time period 0.02 to 0.475 second at the 

time interval of 0.001 second, are compared, the both results of the Modified ILS-UI 

method and the Modified ILS-EKF-UI method can be seen in Columns (3) to (6) of 
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Tables.3. There are no significant differences in stiffiiess results. Both methods have 

about 1.23% error or less. The Modified ILS-UI method has smaller errors in damping 

coefficient. The errors in damping coefficients are 0.431% or less. The Modified ILS-

EKF-UI procedure has an 1.475% error for a/, and 8.31% for 02. The very small value of 

a2 may cause a larger relative error in the multi-level iterations. 



154 

Table 5.3 Stif&ess and damping results of the two-story plane frame building 

— comparison of two SI procedures 

Parameters Theoretical Modified ILS-UI Procedure Modified ILS-EKF-UI 

Procedure 

Results Error(%) Results Error(%) 

(1) (2) (3) (4) (5) (6) 

ki 80556 80512 0.055 79565 1.230 

k.2 241667 241537 0.054 241008 0.273 

k = ki 241667 241538 0.053 241503 0.068 

EI 

L 
k4 80556 80511 0.056 80688 0.164 

ks 161111 161021 0.056 160754 0.222 

ke 161111 161021 0.056 161183 0.045 

ai 2.20482 2.20514 0.015 2.23734 1.475 

0-2 2.58275e-4 2.59388e-4 0.431 2.3681 le-4 8.311 
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5.4 Further Refinement of Meshes for Detailed Parameter Assessments 

The Modified ELS-EKF-UI algorithm discussed in Section 5.3 of Chapter 5 can 

provide significant savings and convenience for structural damage assessments. A 

teclinique introduced here may further improve the efficiency of the method. Using this 

technology, the finite element model can be further refined to provide detailed parameter 

assessments without additional response information. 
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Figure 5.3 Further refinement of meshes for detailed parameter assessments 

Suppose that the girder is modeled with two elements initially, and there are three 

nodal points at the girder as shown in Figure 5.3(a). The girder is 32 fl long. Nodal points 1 

and 3 are located at each end of the girder, and Nodal point 2 is at the mid-span of the 

girder. Using the Modified ILS-UI method and dynamic responses measured at these three 
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points, parameters in these elements can be identified. To find stiffiiess parameter in a 

refined mesh at the left half of the span, a nodal point 4 is added at the mid-span between 

Nodal points 1 and 2 as shown in Figure 5.3 (b). Using the ILS-EKF-UI method and 

responses of Nodal points 1, 2 and 3, the stiffiiess at Section 1-4 and Section 4-2 can be 

determined. If the goal is to determine stiffiiess in a 4-foot range, further refinement is 

needed. Nodal point 5 is then added to the middle of Section 1-4 as shown in Figure 5.3 (c). 

Further use of the ILS-EKF-UI procedure and responses of Nodal points 1, 2 and 3 will 

provide the stiffiiess information needed. 

Using traditional methods, identifying stiffiiess in a 4-foot range would require a 

measurement at total 9 nodal points. It is clear that the amount of response measurement 

can be greatly reduced using the ILS-EKF-UI procedure. This will in turn reduce the cost 

associated with equipment and equipment installation, reduce the difficulties of response 

measurements, and provide savings to engineering projects. 
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EXAMPLE 5.3 A simply-supported beam is used to verify the procedure for refined 

stiffiiess assessments. The structure is the same as in the Example 3.5.1 shown in 

Figure5.4 (a). The beam is excited by a force applied at ±e middle of the beam in the y 

direction. All other conditions are the same as in Example 3.5.1. 

As described in Example 3.5.1, using the Modified ELS-UI method and dynamic 

responses measured at three points 1, 2, and 3, stiffiiess in each half of the beam can be 

assessed. To refine the mesh. Nodal point 4 is added at the mid-span between Nodal points 

1 and 2 as shown in Figure 5.4 (b). Using the Modified ILS-EKF-UI method and responses 

of Nodal points 1, 2, and 3, the stif&iess values in Section 1-4 and Section 4-2 can be 

identified. The identified parameters are given in Column (2) and (3) of Table 5.4(a). The 

theoretical value of the stiffiiess and the proportion damping coefficient a/, ai are given in 

Column (1) of Table 5.4(a). The maximum error is 3.570% for stiffiiess estimation and 

9.202% for damping coefficients. 

To identify stiffiiess parameters in refined meshes within Section 1-4, Nodal point 5 

is added to the middle of Section 1-4 as shown in Figure 5.4 (c). Further use of ILS-EKF-

UI procedure and responses of Nodal points 1,2, and 3 provides stiffiiess information of the 

smaller sections. The identified parameters are given in Column (2) and (3) of Table 5.4(b). 

The theoretical value of the stiffiiess and the proportion damping coefficient ai, a2 are in 

column (1) of Table 5.3(b). The maximum error is 3.819% for stiffiiess estimation and 

A.SlTYo for damping coefficients. 



158 

From this example, it can be seen that the ILS-EKF-UI procedure is a powerful 

method that can be used to identify parameters in refined meshes without additional 

response measurements. 
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Figure 5.4 Introducing one or two nodes in the beam 
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Table 5.4(a) Detailed parameter assessments for the simply-supported beam 
— with adding Nodal point 4 

Theoretical 

(1) 

Results 

(2) 

Error (%) 

(3) 

II ki 7552.1 7824.9 3.612 II 

h 7552.1 7821.7 3.570 

aj 7.55492 7.78925 3.102 

^2 7.60773e-5 8.30783e-5 9.202 

Table 5.4(b) Detailed parameter assessments for the simply-supported beam 
— with adding Nodal points 4 and 5 

Theoretical 

(1) 

Results 

(2) 

Error (%) 

(3) 

L 

15104.2 15679.7 3.810 

L 
k2 15104.2 15680.4 3.812 

L 

ki 7552.1 7840.5 3.819 

a, 7.55492 7.43464 1.592 

02 7.60773e-5 7.95555e-5 4.572 
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5.5 Conclusions 

A lime domain system identification technique is developed to identify structural 

parameters at the element level, where input excitation information is not required and 

output response measurements are required only at a reduced number of dynamic points. 

The method is verified with numerical examples. The influence of different numbers of 

response data pointing to the parameter accuracy is also studied via numerical examples. 

The proposed Modified ILS-EKF-UI procedure identifies the structural parameters very 

well in all examples. In the seven-floor shear building model, response measurements 

are required only of the top three floors. Because the measurement of excitations is not 

required, this method will be attractive for many practical problems where accurate 

measurement of the excitation is difficult. Compared to the Modified ILS-UI procedure, 

where responses are required of all dynamic points, the error of the modified ILS-UKF-

UI method is slightly larger, but still in the same order. The modified ILS-EKF-UI is 

accurate and effective. 

This method also allows the refinement of the finite element meshes without 

additional response information. As discussed in Section 5.5 of Chapter 5, this may 

provide significant savings and convenience for structural parameter assessments. 
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CHAPTER6 

SUMMARY AND CONCLUSIONS 

6.1 Summary 

This research combines the finite element method with the traditional time 

domain system identification method, such as the least square method, extended Kaknan 

filter (EKF) method, to develop new time domain system identification techniques. As a 

direct result of this research, three new SI approaches called Modified ILS-UI, Localized 

Structural Model, and Modified ELS-EK-UI are developed together with detailed system 

identification procedures. 

(1) The Modified ILS-UI approach models the structure with the finite element method 

and identify the structural parameters associated with element properties such as 

stiffiiess and damping. The damping considered may be viscous damping for each 

element or proportional (Rayleigh type) damping for the structural system. Damping, 

as a structural parameter, plays an important role in characterizing the structural 

dynamic responses. Correctly identifying structural damping is an inseparable part of 

the realistic system identification. This research indicates that system identification 

with proportional damping is a nonlinear SI problem even though the dynamic system 

is linear. The nonlinear SI algorithm and associated system identification procedure 

are then developed for the Modified ILS-UI approach. The Modified ILS-UI 

approach does not require excitation information and works with various types of 

excitations. 
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(2) The Localized Structural Model is a novel nondestructive damage evaluation method. 

It combines the time domain SI technique and FEM equilibrium equations in partial 

structure that may contain defects or special concerns. One advantage of the time 

domain methods is that measurements at each time instant represent an equilibrium 

status of the system. In the finite element, the system equilibrium is reflected in each 

of the nodal equilibrium. For system identification of a local structure, only related 

elements and a limited number of nodes connected to these elements are involved. 

These are the bases of the Localized Structural Model approach. Using this method, 

only dynamic responses in the region closely connected to the concemed local 

structure need to be measured. This dramatically reduces the requirement of 

measurements, allows engineers to concentrate their limited measurement equipment 

to the area of concem. This method also makes it possible to identify the whole 

system parameters by identifying a part of the structures, one at a time. Like the 

Modified ILS-UI method, this method does not require excitation information. This 

makes the method more economical and convenient for practical engineering 

purposes. In addition to SI formulations regarding state vectors, observation matrix, 

and equation of motion, this research also provides guidelines on how to select 

elements for the local structure area of concerns, and criteria for locations and number 

of the minimal and optimal response measurements to help implement procedure. 

(3) The Modified ILS-EKF-UI approach is a further development of the EKF-WGI 

method (Yun and Shinozuka, 1980, Hoshiya Saito, 1984). It uses the Modified ILS-

UI Method and the Localized Structural Model to provide better initial estimation of 
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system parameters and avoids the use of excitation information. Using the Modified 

ILS-EK-UI approach, system identification can be performed using responses at a 

reduced number of FEM nodal points in the concerned local structure. This method 

also allows the related the finite element model to be further refined for more 

localized parameter identification without additional responses information. No 

excitation information is required in this procedure. As a matter of fact, in all three 

proposed methods, the excitation information can be identified as the by-product of 

the SI procedure. The excitations can be any types, such as seismic, harmonic forces, 

or forces with randomly changed magnitude. Because most structures are modeled 

with a large niunber of elements and nodal points, this method provides a useful 

means of the system identification. It simplifies the requirement for the data 

measurements, reduces the cost and shortens the measiu"ement setup time. 

All proposed methods are examined with numerical examples and the results are 

excellent. Various types of structures are examined, including shear buildings, plane 

frame structures and plane trusses. To test the stability of the proposed methods, 

examples with response data, contaminated by simulated measurement errors, are also 

examined. The results indicate that these new SI techniques are effective, reliable, and 

economical. This is important because in the real world, measurement errors are always 

present due to equipment inaccuracy or human factors. 
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6.2 Conclusions 

The three time-domain system identification approaches developed in this research 

provide new technical bases for simple, effective, inexpensive, and reliable SI 

procedures. These methods not only have academic values, they also have practical 

engineering usage. They have the potential to be used for routine, in-service condition 

assessment and monitoring of existing structural systems. 

(1) This research indicates that system identification with proportional damping is a 

nonlinear SI problem even though the dynamic system is linear. The development 

of the Modified ELS-UI method provides an approach to identifying the structural 

stiffness at the element level as well as the structural damping characters. Because 

structural damping greatly influences the dynamic responses, correctly identifying 

the damping parameters will certainly improve the estimation of other structural 

parameters. This research also develops and implements the nonlinear SI procedure 

for the Modified ILS-UI procedure. 

(2) The SI using the Localized Structural Model is a novel time domain SI method. In 

FEM, each equation features the equilibrium at a FE node, while in the time domain 

approach the measurement at each time instant represents an equilibrium status. 

The combination of these features makes it possible to identify local structural 

parameters with measurements at the localized area only. It also makes parameter 

identification of a big system more affordable, allows engineers to identify the 

whole system parameters by identifying parts of the structures, one at a time. This 

method makes damage assessment of big systems a more realistic practice. 



Traditionally, system identification has to treat the whole structure as one system, 

including the structure and its boundary conditions. With the Localized Structural 

Model, any part of the structure can be identified individually as long as 

measurements in the localized regions are available. 

(3) The Modified ELS-EKF-UI approach makes a fiarther reduction of the response 

measurements in the system identification. Using the Modified ELS-EKF-UI 

approach, system identification can be performed using responses at a reduced 

number of FEM nodal points in the concerned local structure. This method also 

allows the related FE model to be ftuther refined for more localized parameter 

identification without increasing the measurement points. 

(4) One important feature of this research is that no excitation information is required 

in all the proposed system identification approaches. This feature is important 

because accurately providing excitation information may be difficult, or require 

extra equipment and measurement efforts. 

(5) Criteria for locations and number of minimum and optimal response measurements 

is also addressed to help implement the procedure. 

(6) The numerical examples of various structures show that all proposed methods yield 

good parameter results. Errors in estimated structural parameters are considerably 

smaller than those using other methods reported in the literature, which require input 

information. 



167 

(7) The proposed SI techniques are also examined with dynamic responses 

contaminated with simulated measurement errors. All examples give good, stable 

parameter results. 

(8) Since the measurement of input excitation is not required, the testing setup and 

testing procedure are easier and simpler to implement. 

This research involves many aspects of system identification and mechanical 

engineering, such as structural dynamics, finite element formulation in inverse problems, 

solutions for nonlinear equation sets, least square approaches, extended Kalman filter 

procedure etc. The development of the three new SI approaches reflects the 

comprehensive and innovative application of knowledge in these fields. The proposed SI 

approaches can be employed for practical engineering usage. These methods may lead to 

simpler, easier assessment of local structural damage, and may provide savings on 

measurement equipment and measurement time. 
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6.3 Recommendations for Future Works 

The following works may be addressed in the future for fiurther development and 

application of the approaches developed in this research. 

(1) In this research, proposed techniques are verified by numerical examples 

with responses generated from FEM software packages. These methods 

need to be verified using response data from laboratory experiments. 

(2) The study of damage detection needs to be conducted using these new 

techniques with an experimental procedure. 
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APPENDIX A 

NOTATION OF SYMBOLS 

The following symbols are used in this dissertation: 

A = matrix of mass and measured nodal response in term of displacement 

and velocity at all sample time i 

Ai = area of cross-section of element / 

a I = mass-proportional damping coefficient 

az = stiffiiess-proportional damping coefficeint 

B 
dD 

in modified ILS-UI procedure 

C = matrix of damping 

c, = viscous damping coefficient of element / 

D = vector of unknown parameters 

E = material Young's Modulus 

f = vector of input force 

F  =  f - M q  

H  = transfer matrix in EBCF procedure 

ki = stiffness of element / 

K  =  stif&iess matrix 

; X(Ji^, //,)] = Kalman gain matrix 

kdof = each node has k DOFs in local structure model 
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L = number of input excitation 

Li = Length of the element 

M  =  mass matrix 

m = total number of observation time points 

N = total number of dynamic degree of freedom 

Msub = total number of key nodes of a local structure 

Nrl = total number of related nodes of a local structure 

NDsub = total number of DOFs of key nodes of a local structure 

NDrl — total number of DOFs of related nodes of a local structure 

NE = total number of elements 

NEsub = total number of elements of interest 

NErt = total number of related elements of a local structiire 

P  =  error covariance matrix of state vector X  

q, q, q = response vectors of displacement, velocity, and acceleration 

iv.yv = matrix corresponding to expended stiffiiess matrix of element / 

X  —  vector of independent unknown parameters 

Xi = state vector at time t in EKF procedure 

Y{X) = BA\F-AD) in modified ILS-UI procedure 

Yt = observation vector at time t in EKF procedure 

V, = vector of white noise in EKF procedure 

w = weight used for EKF-WGI procedure 
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