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ABSTRACT 

A finite element based linear time domain system identification algorithm is 

proposed to estimate the stiffness and damping coefficients of structures at the element 

level using response data alone without using information of excitation measurements. 

The unknown input excitation could be applied at any location of the structure including 

at the ground level representing the seismic excitation. The proposed method is an 

Iterative Least-Squares with Unknown Input (lLS-UI) procedure. The element-level 

structural parameters can be identified directly by using proposed ILS-UI procedure. No 

information of the modal properties is required. The efficiency and robustness of the 

proposed algorithm is illustrated by numerical examples. For verification purposes, both 

noise-free and noise-included output responses are considered in numerical examples. 

The applications of three types of structures, i.e., shear-type buildings, trusses, and 

frames, are considered in this dissertation. In all examples, the identified results indicate 

that the proposed ILS-UI method identified the structural parameters very well. For the 

successful implementation of the proposed method, orJy a small number of sampling time 

points are required, and a long time duration of responses is not necessary. 

For a large system, since it is practically impossible to measure responses at every 

dynamic degree of freedom, the absence of some observation points of responses and its 

effect on the proposed system identification technique must be silldied. Based on the 

above ILS-VI procedure, a new technique combined with the Kalman filter technique is 

developed to identify all element-level structural parameters using measuring responses 
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at several optimal locations only. The optimal numbers and locations of measurement 

points required to identify uniquely the system using this proposed 1LS-EKF-UI technique 

are determined. Again, numerical examples with two special cases are used to illustrate 

the applications of this new technique. The results of numerical examples indicate t...~at 

this new system identification technique is very economical, simple, and robust, since the 

input is not required to be measured and only several observations are required. 



1.1 Statement of Problem 

CHAPTER 1 

INTRODUCTION 

14 

Safety evaluation of large existing structures is becoming an important challenge 

to the engineering profession. The problem has added significance since the resources 

to build new structures are dwindling and the existing structures are aging; in some cases 

their design lives may have already been exhausted. Furthermore, there are many 

important structures in operation that were designed using provisions that are less 

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

the years, critical structures posing significant hazards including high-occupancy 

structures, and structures or facilities housing critical operations and/or hazardous, toxic 

materials. 

Engineering calculations and drawings of an existing structure when it was 

initially built are readily available from several sources. This information could be 

extremely valuable in evaluating an existing structure, but could be useless in some 

cases, because it fails to consider the in-place structural parameters. It fails to consider 

the structure's deterioration and degradation with time. Thus, it may not be possible to 

predict the structural behavior accurately. For the successful evaluation of an existing 

structure, the amount of degradation must be quantified and the in-place structural 

properties must be used to predict the structural behavior. 

The problem is further complicated if a large structural system consisting of 
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hundreds of structural elements and built with several materials, e.g., steel, concrete, 

masonry, etc., is under conside~ation. Conceptually, any repair and rehabilitation study 

must be conducted in three stages. In the fIrst stage, it is extremely important to locate 

the structural elements that have suffered damage, quantify the amount of damage, and 

prioritize it in terms of critical damage considering the overall structural behavior. It is 

then necessary to decide, in the second stage, what is the best and most efficient way to 

repair and rehabilitate the structure. After the structure is repaired and rehabilitated, it 

is important, in the third stage, to quantify ~~e amount of i..rnprovement accomplished. 

This study directly addresses the issues related to the fIrst and third stages, i.e., the 

identifIcation of structural elements that need repair and rehabilitatjljn at the element 

level, before and after the necessary repairs are made. 

The scientifIc community is well aware of the impolL2..TJ.ce of quantitative 

nondestructive safety evaluation of existing large structural systems in an actual operating 

environment considering aging, excessive use, overloading, exposure to climatic 

variations, lack of sufficient maintenance, difficulties in carrying out some of the 

inspections, lack of methodologies for interpreting the experimental resillts, and the need 

to develop remedial action. In most cases, these factors have a cumulative adverse 

effect, and result in the overall degradation of the structure. Identifying and locating 

these damage spots in a real structure under operating conditions is an urgent challenge 

to our profession, since degraded structures could easily produce catastrophe. 

The proposed method is based on the concept that the extent of degradation will 

be reflected in the changes in the behavior of the structure, and in tum, is dependent on 
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the changes in the structural parameters at the element level in terms of local stiffness 

and damping characteristics and their variations with time. Using this concept, the 

detection of the damaged state of an operating structure may require information on (i) 

the detailed dynamic behavior of the structure, (ii) locations of all the damaged elements 

in the structure, (iii) analysis of the damage in terms of magnitude or cause, and (iv) the 

implications of the damage in terms of the overall structural behavior. For aged 

structures, the identification of dynamic structural parameters at the element level, which 

can reflect in the locations of damages, is the major challenge in civil engineering 

profession, and would influence any repair and rehabilitation procedure required to 

upgrade the structure. In this study, new techniques are developed to help obtain the 

above information (i) and (ii) of an existing structure. 

Nondestructive evaluation (NDE) methods to study the damaged state of structures 

have recently received increasing attention by the civil engineering profession. Among 

many promising NDE methods, the most attractive one is a method based on structural 

dynamic response measurements to identify a suitable mathematical model representing 

the structure under consideration. This mathematical model should change to reflect 

changes in the physical state of the structure. One approach that can be used very 

effectively for this purpose is the use of System Identification (SI) techniques. Advances 

in computer technology and response measurement capabilities make this approach 

-
possible. The motivation behind this approach is the availability of practical analytical 

methods for the solution of inverse problems related to the identification of mathematical 

models based on experimental response measurements and advances in data processing 
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and signal analysis capabilities brought on by the developments L.i sense;: technology and 

the advancement in the computational power and economy of microprocessors (Natke and 

Yao, 1988). The concept of system identification techniques is simply discussed in the 

following section. 

1.2 Concept of System Identification 

General dynamic analysis of a system provides information on the input dynamic 

loads, the output dynamic responses, and the system mathematical model representing 

the governing equation, as shown in Fig. 1.1. If any two of them are known, the other 

one can be evaluated. If the input bformation and system mathematical model are 

available, the system dynamic behavior (e.g., modal frequencies, damping ratios, and 

mode shapes) and responses (e.g., displacements, velocities, and accelerations) can be 

calculated by standard methods of structural dynamics, e.g. the finite element method. 

On the other hand, the inverse problem of system analysis can be divided into: design 

problem, input identification problem, and system identification problem, as shown in 

Fig. 1.2. In the design problem, using information on input and output, a best suitable 

system model need to be developed. For a known mathematical model of a system and 

the output response measurements, the input excitation is generated in the input 

identification problem. 

The classical system identification technique is the identification of the 

mathematical model of the system using information of input excitation and output 

responses. The purpose of system identification is to obtain a more accurate description 
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of the system and its dynamic beha"liors under various environmental dynamic loads such 

as earthquakes, wind, and wave forces. This helps to assess the deteriorated and 

damaged state of the system and ultimately control the system (Natke 1988). 

The use of SI approach for NDE problems has expanded in recent years. 

Although SI approach is very appealing, it has several limitations which reduce l.ts 

practical applications. In most system identification approaches, the information on input 

loading and output responses must be known. In most cases, measuring the input 

information may require to take many resources, and it is very difficult to accurately 

measure the input information during actual vibrations which are of practical importance, 

e.g., earthquakes, winds, micro-seismic tremors, mechanical vibrations, flow-induced 

vibrations, etc. Thus, the measured input could be highly contaminated with noise. The 

output measurements would also have some noise. Crudely stated, such contaminated 

input and output information may not be useful to identify the system reliably. However, 

the desirability and application potential of SI techniques to real structures could be 

highly improved if an algorithm is available which can estimate structural parameters 

based on the response data alone without the use of input information. 

In general, system identification techniques can be classified into two major 

branches: time domain and frequency domain approaches. In the time domain 

approaches, system or modal parameters are estimated using the response measurements 

sampled in time, e.g, displacement, velocity, and acceleration. In the frequency domain 

approaches, modal properties such as natural frequencies, damping ratios and mode 

shapes are identified using measurements in t.1!e frequency domain. In each domain, SI 
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approaches can be divided further into two groups: (1) methods where input excitation 

information needs to be measured, and (2) methods where input excitation information 

does not need to be measured. This general classification is shown in Fig. 1.3. Since 

the system identification techniques without using input information are more desirable 

as stated earlier, this study will belong to the group (2), i.e., the input information is not 

required. 

Moreover, as will be discussed in detail in the next chapter of Literature Review, 

most of the currently available SI techniques model the structure in a global sense instead 

of finite element model, e.g., frequency domain SI techniques estimate modal properties 

of a structure at the global level. They may be unable to evaluate the individual behavior 

of structural components. Thus, they may be unable to identify the location of damages, 

and to quantify even a severe level of local structural damage, especially for highly 

redundant structural systems, unless the structural characteristics are identified at the 

element level. 

Therefore, in this study, new time-domain system identification techniques that 

do not need to measure input information need to be developed. These new methods will 

be the finite element based SI techniques so that they can directly identify the structural 

parameters at the element level easily using output responses alone. BaSeG on the 

concept of input identification as mentioned earlier, once the system parameters are 

identified by the proposed SI techniques, the unknown input excitations can be evaluated 

by using these identified system parameters and available response measurements. The 

frequency domain approach are not emphasized in this study due to its major deficiencies 
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as will be discussed in the next chapter. 

In addition, since most structural systems will have a large dynamic degree of 

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

every DDOF, the absence of some observations and its effect on the new SI techniques 

need to be studied, and the optimal numbers and locations of measurement points that 

required to uniquely identify the system also need to be studied. Thus, the state of the 

art in the SI problems will be improved significantly. 

The finite element based system identification approach has several advantages. 

This approach is expected to be very economical, simple and easy to implement since 

input information is not required to be measured. It would also help locate damage spots 

very easily by identifying the more progressive degradation of a particular structural 

parameter at the element level, thus improving the damage detection reliability. It would 

also help give the rate of degradation of the system if a periodic evaluation is performed 

and help develop an appropriate repair and rehabilitation strategy. Furthermore, this 

approach can be used for any type of structure, material, or combination of materials, 

thus enhancing the application potential to real structures. Finally, the identified 

structural parameters at the element level by using this method can be used to quantify 

the improvement in the structural behavior and the corresponding in-place structural 

para..'11eters due to repair and rehabilitation. 

1.3 Objective and Scope of Research 

The primary objective of the proposed research is to identify a large structural 
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system at the element level using fInite element-based time domain system identifIcation 

techniques where input information is not required. The objectives and scope of the 

study are stated as below. 

Objective 1: Develop a robust fInite element-based linear system identifIcation 

technique to identify the stiffness and damping parameters of a large structural system 

in terms of each element's stiffness and damping values, assuming mass is known, where 

the input loading is not required to be measured and output response measurements are 

available at all dynamic degree of freedoms (DDOFs). It needs to be pointed out that 

the locations of the unmeasured input forces are required to be known. 

Objective 2: In this phase, a new technique based on the method implemented in 

the fIrst phase to achieve objective 1 is developed to identify element-level structural 

parameters where output response measurements are not available at every DDOF. 

Furthermore, determine the optimal numbers and locations of measurement points 

(sensors) required to uniquely identify the structures. The success of the research to 

achieve objective 1 is the basis of this study. The research in this phase is very 

important for large complex systems. 

1.4 Summary of Chapters 

This study includes eight chapters and an appendix. Following this introduction 

chapter, the literature review on system identification techniques is given in Chapter 2. 

The literature review includes both general frequency and time domain SI techniques as 

well as currently available time domain SI techniques without input information. 
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Chapters 3 to 5 belong to the fIrst phase of this study to achieve the objective 1. 

Chapter 3 is the proposed iterative Least-squares technique with unknown input 

information which can identify element-level structural parameters of a structure using 

the output measurements at all DDOFs. It includes the structural dynamic model, the 

concept of the general Least -Square technique, and the steps of proposed Iterative Least

Squares with Unknown Input (ILS-UI) technique. Then, in Chapter 4, the above 

proposed method is applied to shear-type buildings. Four simulated numerical examples 

with different unknown input excitations including sinusoidal, random signal, and 

earthquake, are considered in this chapter. Chapter 5 is the applications of the proposed 

ILS-UI method to other generai structures including three numerical examples 

considering plane trusses and plane frames. Both noise-free and noise-included responses 

are used in the identifIcation processes of all numerical examples. 

Then, to achieve the objective 2, chapters 6 to 7 are necessary in the second 

phase of this study. In Chapter 6, in order to obtain a wider application of the SI 

techniques with unknown input information, a study of the measurement absence is 

conducted. A new technique is developed based on the ILS-UI procedure incorporating 

an extended Kalman fIlter-based technique to implement the identifIcation of element

level structural parameters when response measurements are not available at every 

DDOF. Where, the optimal numbers and locations of measurement points required to 

uniquely identify the system are studied. The following chapter 7 gives numerical 

examples to verify the new technique developed in Chapter 6. Two numerical examples 

considering different unknown input excitations of a shear-type building are discussed in 
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this chapter. Again, both noise-free and noise-included responses are considered in all 

numerical examples. 

The summary and conclusions of this study are given in Chapter 8. 

Following the main body of this dissertation, Appendix A gives the notation of 

symbols used in this dissertation. Finally, a reference list is given. 
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m_p_u_t ______ ~-~I'__ ______________ ~~--------~~u~ut _ ~ system model ~ _ 

Fig. 1.1 Concept of System Analysis 

Fig. 1.2 Classification ofInverse Problems 
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Previous works about system identification techniques are reviewed in this 

chapter. Based on the classification of system identification approaches as described in 

Fig. 1.3, the literature review on SI techniques can be considered in two major branches: 

(1) Frequency domain SI techniques, and (2) Time domain SI techniques. Since the time 

domain SI techniques is a major concern in this study as will be discussed in the 

following sections, the literature review in this chapter will be emphasized on the time 

domain SI approaches. Under this consideration, in time domain, this review can be 

divided into two groups further: (i) the review on general time domain SI techniques with 

input information, and (ii) the review on time domain SI techniques with unknown input 

information. At first, the literature review on frequency domain SI approaches is given 

as follows. 

2.2 Literature Review on Frequency Domain SI Techniques 

The basic concept of both frequency and time domain SI techniques were 

discussed in detail in several review papers (Hart and Yao 1977; Kozin and Natke 1986; 

Liu and Yao 1978; Natke and Yao 1986; Yao 1985), Courses (Natke 1982, 1988), books 

(Eykhoff 1974; Hsia, 1977; Jazwinski 1970; Lewis and Odell 1971; Ljung 1987; Pilkey 

and Cohen 1972; Soderstrom 1989), and NSF workshops (Agbabian and Masri 1988; 
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~SF 1989). 

The frequency-based modal approaches. i.e .. modal identification techniques in 

frequency domain (Beliveau 1988. Berman 1979. Cortin 1984. McVerry 1980. Mac and 

Wang 1989. Yang 1985). are very commonly used to identify a system. There are 

several advantages of modal testing and analysis (Beliveau 1988). Instead of using an 

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

in terms of mode shapes. resonant frequencies. and modal damping ratios. These are 

representative of the stiffness and damping of the structure and of its dynamic response. 

They form an ideal basis on which to compare a model measurements. It is also not 

necessary to obtain modal vector information for all degrees of freedom of the finite 

element model. Also, recent advances in modal testing make it possible to measure 

ambient vibrations with portable instruments (Back and Jennings 1980. Torkamani and 

Ahmadi 1988b). Frequencies. damping and mode shapes can be obtained from the 

measured data. 

In spite of these advantages, most of the currently available modal approaches 

have considerable deficiencies. In these approaches. the structure is modeled in a global 

sense, and only a few lower modes of vibration are estimated. However. it fails to 

evaluate t..lJ.e individual 5ehavior of structural components. Thus. it may not be possible 

to quantify even a severe level of structural damage, especially for highly redundant 

structural systems, unless the structural characteristics are identified at the element level. 

It has been observed that the local damage is not always sensitive to the identified modal 

properties. A large fraction of the structural members could be broken without the 
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fundamental. period changing by more than 2 %, but changes of this size in the 

fundamental period were found by tests in the absence of damage. Ibanez (Natke and 

Yao, 1988) added that modal properties may be insufficient for reliable damage 

detection, and other measurable quantities must be considered. Furthermore, the change 

in the modal parameters will give some important information on the amount of 

degradation; however, it will not differentiate between the degradation of the stiffness 

due to cracks only or changes in both the mass and the stiffness due to corrosion of the 

material. For large complicated structural systems, the higher order modes based on 

measurem'!nts are extremely unreliable. Thus, the issue of how many modes are needed 

to accurately estimate the system parameters limits the applicability of this approach. 

This topic has been discussed in great detail in the literature. 

2.3 Literature Review on Time Domain SI Techniques 

Since damage detection at the element level is a major concern, frequency-based 

SI techniques will not be considered in any subsequent discussion due to their major 

disadvantages. Time-domain SI techniques are necessary for this purpose. In tUne 

domain, based on the classification of SI techniques as discussed in Chapter 1, the review 

of available SI approaches with input excitation information is given in the following 

section 2.3.1, and the review on the SI methods without input excitation information is 

given in Section 2.3.2. 
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2.3.1 Time Domain SI Techniques with Inpur Information 

When input excitation information is available, the Least-Squares based SI 

techniques are commonly used to identify modal properties or structural parameters of 

a linear structure in time domain. Gersch and Foutch (1974) introduced a two-stage 

Least-Squares procedure to estimate the natural frequency and damping parameters of 

structures. A mixed Auto Regressive Moving Average (ARMA) model was considered 

to represent discrete time series. Caravani et al. (1977) used a recursive Least-Squares 

technique to directly identify the stiffness and damping parameters of shear-type 

structures. Beck and Jer.nings (1980) estimated the modal parameters of a structure by 

the Least-Squares analysis. Ahmadi and Torkamani (1986, 1988a, 1988b, 1988c) 

estimated the stiffness from known frequencies and mode shapes which were identified 

earlier in frequency domain. Here, the mode shapes and frequencies were expanded as 

functions of stiffness in a Taylor series. The Least-Squares, Weighted Least-Squares and 

Statistical SI techniques were used to identified the stiffness parameters of shear-type 

structures. A large number of extracted mode shapes and frequencies produces better 

estimates. However, this generally is difficult to achieve. Moreover, the identification 

of damping coefficients was not considered in these methods. 

Based on the Least-squares techniques, other time-domain SI techniques such as 

Instrumental Variable and Maximum Likelihood methods were developed and 

implemented to identify the structure in civil engineering profession. Shinozuka et al. 

(1982) also observed that the linear multi-degree-of-freedom (MDOF) structures can be 

adequately modeled by ARMA time series. The global-level structural parameters of a 
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structure were identified by Least-Squares, Instrumental Variable, and Maximum 

Likelihood techniques. Davis and Hammond (1984) compared the frequency domain SI 

techniques with Recursive Least-Squares and Instrumental Variable methods. Lee and 

Fassois (1992) developed a new Suboptimum Maximum Likelihood (SML) discrete 

estimation algorithm to estimate the modal parameters, where a structure is modeled as 

Auto Regressive Moving Average with eXogenous input (ARMAX) representation. 

Generally, above Least-Squares, Instrumental Variable, and Maximum Likelihood 

techniques require the output responses of a structure to be measured at all degree of 

freedoms. 

Furthermore, Yun and Shinozuka (1980) employed an extended Kalman filter 

(EKF) technique to identify a nonlinear structure. An iterated linear filter-smoother 

approach was studied to obtain better EKF estimations. Then, the EKF-based techniques 

have been accepted more and more attentions in identifying both linear and nonlinear 

structures since the EKF-based techniques do not require to measure the responses at 

every dynamic degree of freedom. Tan and Chen (1988) used the EKF technique to 

identify st..'1lctural parameters of both linear and nonlinear systems subjected to the 

ground motion. For the nonlinear system identification problem, a two-stage iteration 

procedure was used. Hoshiya and Saito (1984) incorporated a Weighted Global Iteration 

procedure into the extended Kalman Filter technique (KF-WGI) to obtain the stable and 

convergent solutions in the identification of both linear and bilinear systems. Imal et al. 

(1989) and Maruyama et aI. (1989) also used KF-WGI technique to identify nonlinear 

structures. Recently, the finite element method and substructure concept were introduced 
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into the Kalman filter-based techniques. Hoshiya and Sutoh (1993) incorporated the 

finite element model into the KF-WGI procedure to identify a constant elastic modulus 

of an elastic plane strain problem. Herrmann et al. (1993) proposed an EKF-based 

approach to identify stiffness and damping parameters in the finite element model. 

However, the modal properties need to be identified first in this approach. Koh et al. 

(1991) and Oreta and Tanabe (1993) deveioped substructure-based KF-WGI techniques 

to identify the structures. For a large system, by means of the substructure-based KF

WGI techniques, the structural system is decomposed into smaller subsystems for which 

numerical convergence can be achieved more easily. 

Moreover, Udwadia and his coworkers (1978a, 1978b, 1985, 1988) considered 

the uniqueness problem in the context of structural identification and showed the 

conditions needed to uniquely identify the stiffness and damping distributions of an N

story shear-type building. They showed that the response at the first floor and input at 

the base as a seismic excitation are sufficient to ensure uniqueness in the identified 

parameters. Also, if the response is known only at the top floor (Nth) in addition to the 

base input, there are N! solutions. In the other word, there are N! possible systems 

which yield the same set of input and response at the top floor. Furthermore, Udwadia 

considered the case where the input is applied at the top floor. Here, uniqueness is 

guaranteed if the response at the top floor and the input is known. Also, it was shown 

that in the absence of any recorded input, the response at the top two floors and the 

known stiffness of the top floor will ensure uniqueness. However, in the system 

identification approaches, the task is to identify the stiffness of a structural system. 
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Thus, the known stiffness at the top floor is generally not to be available. Therefore, 

this uniqueness condition may not be very useful. All above uniqueness studies were 

based on the assumption that there are only two sensors. 

For the completeness of the discussion, a list of other references in the area of 

time domain system identification, including methods where both input and output 

information are required and would have some impact on this study (e.g., some of 

nonlinear and non-parameter SI techniques), is given here (Allen and Martinez 1989; 

Beck 1982, 1989; Beck and Jayakumar 1986a, 1986b; Cifuentes 1985; Cifuentes and 

Iwan 1989; Collins et al. 1974; Fassois et al. 1990; Gersch et al. 1973; Graupe 1976; 

Haldar and Reddy 1990; Iwan and Cifuentes 1986; Lew et al. 1991; Loh and Lee 1992; 

Marmarelis and Udwadia 1976; Mason et al. 1989; Masri et al. 1979, 1982, 1984, 

1987a, 1987b; Matsui and Kurita 1990; Mohammedshah and Rogers 1991; Ozaki 1989; 

Pappa and Ibrahim 1981; Sanayei 1986; Sanayei and Scampoli 1989; Sanayei and 

Schmolze 1987; and Saud 1987). 

In addition, damage assessment using SI approaches have been reported in the 

literature (Yang el al. 1985, 1989; Agbabian et al. 1988, 1991; Chen and Garba 1988a, 

1988b; and Natke and Yao 1988, 1989, 1991). However, these studies are based on 

global properties of eigen-frequencies and stiffness parameters, and in general, they are 

insensitive to local damages. Lallement (1988), Chen and Garba (1988a, 1988b), Hogue 

et al. (1991), Stubbs et al. (1991), and Yao et al. (1992) conducted further research in 

the area of damage localization. However, input information is required in these studies, 

and none of these studies modeled the structure as a finite element model, and considered 
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changes in structural parameters at the element level. 

Although above various time domain SI techniques have been successfully applied 

to civil engineering for about two decades, however, these SI techniques and above 

uniqueness studies are based on the known input information. Thus, their applications 

are limited as discussed in Chapter 1. 

2.3.2 Time Domain SI Techniques without Input Information 

As stated earlier, the time-domain SI technique without input excitation 

information is desirable for wider applications and is the subject of this study. An 

attempt has been made here to effectively summarize the state-of-the-art in the area of 

system identification without input infom.ation and the deficiencies in the available 

methods. Here, all subsequent discussion will be limited to time domain SI procedures 

without input information. The objective is to develop a procedure so that stiffness and 

damping of each of the structural elements can be identified without using the 

information of input measurements. 

After an extensive literature survey, the following five techniques have been 

identified where input information is not required to be measured. These are: (1) KF

WGI technique with a running load (2) Stochastic-Adaptive Techniques; (3) Free-Decay 

Curve Analysis; (4) Stochastic Approach; and (5) Random Decrement Method. The 

literature review on these five approaches are given in the following sections. 
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Method (1): KF-WGI with running load by Hoshiya and Maruyama (1987) 

Hoshiya and Maruyama used the KF-WGI procedure to identify dynamic 

parameters in tenns of modal properties of a beam system, and the unknown weight and 

velocity of a static running load on the beam system can be identified at the same time. 

However, the structural parameters such as stiffness and damping cannot be directly 

identified by this approach. Only a running load with constant weight and velocity can 

be identified here. Thus, its practical applications are limited. 

Method (2): Stochastic-Adaptive techniques by Safak (1988, 1989a, 1989b) 

Safak modeled the structure with a time series and estimated the modal parameters 

of a structure by a stochastic-adaptive technique, which considers filtering, modeling and 

identification, simultaneously. 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 stiffness and damping matrices, cannot be directly 

identified by this approach, either. Similar to Method (1), its practical applications are 

also limited. 

Method (3): Free-Decay Curve Analysis by Ibrahim (1977); Smith (1984, 1987); Kung 

et al. (1981, 1989); Bedewi (1986); Toki et al. (1989); Mickleborough and Pi (1989); 

and Hac and Spanos (1990) 

In this approach, modal parameters, or structural mass, damping and stiffness 

matrices can be estimated using only the output measurements of free vibration. The 
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general techniques such as Least-Squares based (Ibrahim, Smith, and Kung) and Kalman 

fIlter based (Toki, Hac and Spanos) techniques were used to identify the structure when 

measurements of free vibration are available. However, how to collect the free vibration 

responses is a major problem. Mickleborough and Pi identified modal parameters of a 

cantilever beam using free-decay responses which were collected after a sudden 

termination of a pseudo random noise excitation. Kung et al. and Bedewi identified 

global system parameters, i.e., the elements of global damping and stiffness matrices, 

by exciting structures with impulsive forces. They began collecting response data 

immediately following the application of the impulsive forces. This data acquisition 

technique makes the input force vector zero, and the response of the system is exactly 

a free-decay type. Toki et al. proposed a KF-WGI based teclmique to identify the shear

type structures where the free vibration response of a structure due to earthquake 

excitations was considered. Similar method in the collection of the free vibration 

responses was considered here. After an earthquake ceases, input ground excitation 

becomes zero, thus it was considered to be a free vibration response. However, it is 

difficult to determine the exact time at which the input ground motion becomes zero from 

the recorded response time history obtained from an earthquake. The identified accuracy 

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

becomes zero it is, the better the identified results are. Toki et al. also estimated the 

input ground accelerations by the KF-WGI technique. 
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Method (4): Stochastic Approach by Kozin (1983); Wedig (1983); and Lee and Chen 

(1988) 

Kozin and Wedig modeled the input excitation as a white noise signal and 

attempted to estimate the global-level structural parameters by the Maximum Likelihood 

method. This stochastic approach needs a considerable amount of modification, 

preferably by using filters to represent the real situation. Lee and Chen identified the 

modal parameters of randomly excited structural systems with unmeasured input. 

Additional velocity information which in consequence can be used to build up the cross

covariance matrix was considered in the identification process. This unknown random 

input must be a white noise signal. If the input excitation is not a white noise signal, all 

above methods cannot be used. 

Method (5): Random Decrement Method by Cole (1973); Caldwell (1987); Ibrahim 

(1977); Ibrahim and Mikulcik (1977); Kung et al. (1988); Yang et al. (1981, 1985); and 

Tsai et al (1985, 1988a, 1988b) 

Using the random decrement technique, the global-level mass, damping and 

stiffness matrices of a linear randomly excited system can be identified by a least-square 

fit. The input excitation is assumed to have a zero mean. The random decrement 

technique is used to convert the random response to the random decrement free-decay 

signature. An auto-regressive method was used to retrieve the system's eigen values and 

eigen vectors, i.e., modal properties of a system, from the random decrement signature. 

The mass, damping, and stiffness matrices of a structural system are reconstructed from 
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the retrieved eigen values and eigen vectors. Again, in general, higher-order eigen

values are difficult to extract. Thus, the application of Random Decrement method is 

also limited. Moreover, only global damping and stiffness matrices can be identified by 

this approach. 

To justify the desirability of the proposed method, the major deficiencies of these 

techniques are identified below. 

1. For most of these time-domain techniques without input information, modal 

properties are identified first, the global-level system parameters are then identified from 

the modal properties. As discussed earlier, since modal properties are global properties 

of the system, they are not desirable features for complicated structures. They may fail 

to detect the exact location of the damaged structural element or elements. If the 

degradation has several causes, these methods may not be able to identify them. 

2. Although all these techniques require no input information, the most promising 

ones are strictly applicable only to the free-decay type response. In real structures, the 

free-decay type response may not be easy to collect, thus making these approaches 

inapplicable. 

3. In all these methods, the requirements for input excitations and output 

measurements are very restrictive in nature (input is impulsive, running load, or has a 

zero mean, and the output is free-decay type). Far from representing actual operating 

conditions, they may not be applied to identify an actual operating structure. 

4. Most of these techniques defmed structurai parameters at the global level so 

that they cannot identify the structural parameters at the element level. Therefore, the 
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identified results cannot be used directly to reflect the ch<lnges of elem~nt-level structural 

parameters, thus they may not be good enough to help locate damages. 

5. Most of these techniques cannot identify the unknown input forces during the 

identification process. 

6. All these methods are inapplicable for an operational structure, where structural 

members are arranged in very complicated configurations, may consist of different 

materials, and may need a finite element representation to model the structure adequately. 

For a large system, the output measurements can be obtained at the numerous points. 

The optimal locations and numbers of output measurements and their significance in SI 

techniques are unaddressed areas in all these approaches. 

From above discussion, it is clear that a robust time-domain SI technique must 

be available to directly identify structural parameters of a system at the element level 

without information on input excitation and without any restriction on input excitation 

and output response type. This algorithm can then be applied to identify existing 

structures and identified results can be used to help locate the point of degradation with 

confidence. Haldar and Reddy (1991) proposed a simple technique to address some of 

the deficiencies identified here. However, this simple method can only be used in the 

identification of shear-type buildings with no damping case. 

The proposed method significantly improves the state of the art in the area of the 

system identification. It is a time domain SI technique with unknown input information, 

it can directly identify the structural parameters at the element level without using modal 

properties, and it can be applied to any structure with a finite element representation 
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without any restriction on input excitation and output response type. Furthermore, once 

element-level structural parameters are identified, the unknown input excitation can also 

be identified by the proposed technique. The comparison of this proposed method with 

other current available SI techniques without input information is shown in Table 2.1. 

All above mentioned advantages of the proposed technique can be found in Table 2.1. 

In the following chapter, the general concept of this proposed method will be discussed. 



Table 2.1 The comparison of the proposed method with other SI techniques 
with unknown input 
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Methods Limitation Limitation Need Identification Element 
on input on output 

KF-WGI Yes No 
with 
running 
load 

Stochastic No No 
Adaptive 

Free- Yes Yes 
Decay 
Curve 
Analysis 

Stochastic Yes Yes 
Approach 

Random Yes Yes 
Decrement 

Proposed No No 
Method 

Note: [K] - stiffness matrix 
[C] - Damping matrix 
{f} - input forces vector 

modal 
properties 

Yes 

Yes 

No/Yes 

No 

Yes 

No 

[K] [C] {f} level 

No No Yes No 

No No No No 

Yes Yes No/ No/ 
Yes Yes 

Yes Yes No No 

Yes Yes No No 

Yes Yes Yes Yes 
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AN ITERATIVE LEAST-SQUARES TECHNIQUE 

WITH UNKNOWN INPUT INFORMATION (ILS-UI) 

3.1 Introduction 
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The state of the art in the time-domain SI techniques without input infonnation 

and the deficiencies in all the currently available methods were identified in the previous 

chapter. It was pointed out that a considerable amount of research is needed in this area 

before it can be applied to real problems, e.g., evaluating strength of existing structures 

at the element level. At first, a time domain SI technique with unknown input 

information is needed to be developed to identify structural parameters at the element 

level. 

A method is proposed in this chapter in order to eliminate some of the 

deficiencies in the currently available time-domain SI techniques without input 

information. This approach will be particularly applicable for the evaluation of existing 

structures since there is no restriction on unknown input and output types. 

Advancements made in the finite element method make this study possible. This 

proposed algorithm is a linear finite element based time domain system identification 

technique. In order to identify the structure at the element level, the unknown structural 

parameters need to be defmed as stiffness and damping parameter of each element based 

on the finite element model of a structural system. Thus, the structural parameters can 

then be identified at the element level by using the proposed method. Before the 

discussion of this proposed technique, the general structural dynamic model needs to be 
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given fIrst. 

3.2 Structural Dynamic Model 

Without losing any generality, the governing equation of motion of a linear 

structure can be written in matrix form as: 

M .X(t) + C X(t) + K X(t) ;:: ftt) (3.1) 

where M is the mass matrix; C is the damping matrix; K is the stiffness matrix; X(t) , 

X(t), and X(t) are acceleration, velocity, and displacement vectors at time t, respectively; 

and f(t) is the input force vector at time t. These matrices and vectors are described at 

the global level. 

Assuming M is a known mass matrix, Eq. (3.1) can be rewritten as: 

[C : K] [ X(t) 1 = ftt) - M X(t) 
X(t) 

(3.2) 

For an N dynamic degree of freedom (DDOF) system, at the time t, this equation can 

be rearranged as: 

[A(t)]NxL [Phxl = [F(t)]Nxl (3.3) 

where [A(t)] is an N xL matrix composed of the system response vectors of velocity and 

displacement at each DDOF at time t, which can be formed based on the defInition of 

the element-level unknown parameter vector [P], and L (::;; 2xN + 1) is the total number 

of unknown parameters, which can be determined by the number of elements in a fInite 

element model; [P] is a LxI vector composed of unknown system parameters, i.e., 

damping and stiffness parameters at the element level; and [F(t)] is an N x 1 vector 

composed of input excitations and inertia forces at each DDOF at time t. 

Suppose the response of the structure is measured for a time duration of m ·At at 
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all DDOFs, where m is the number of sample time points, and Dot is the constant time 

increment. Then for a known value of m, and assuming the response quantities are 

available at all DDOFs, Eq. (3.3) can be rewritten as: 

[A](mxN)xL [Phxl = [FJ(mxN)xl (3.4) 

The matrix [A] in Eq. (3.4) can be shown to be: 

(3.5) 

where A(t), A(t:J, "', A(W are matrices of the response quantities in terms of 

displacement and velocity at all DDOFs at the time t), t2, ••• , 1m, respectively. 

or 

Similarly, the matrix [F] can be expressed as: 

j(tl ) - M X(tl ) 

j(t2) - M X(t2) 
[F] = 

(3.6) 

(3.7) 

Based on Eq. (3.4), the task is to identify the vector [P], i.e., the vector of all 

unknown parameters. The Least-Squares technique is a commonly used SI technique 

which can directly identify the vector [P] in Eq. (3.4) when input information is 

available. This general Least-Squares method is simply described as follows. 

3.3 The General Least-Squares Technique 

The general Least-Squares technique for SI problems is an approach based on 
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minimizing the total error in the identification of the structure using measured input and 

output data. 

For mathematical convenience, Eq. (3.4) can also be expressed as: 

r=l,2,.··,mxN (3.8) 

Suppose Ps is the predictor of the sth system parameter Ps that needs to be evaluated, 

i.e., the element-level stiffness or damping, the corresponding L.H.S. of Eq. (3.8) is 

Ars ·ps· Considering all L parameters that need to be identified, the total error E in the 

estimation of the system parameters can be shown to be: 

m:&N L 

E = L ( Fr - L Ars p$ )2 (3.9) 
r=1 $=1 

To minimize the total error, Eq. (3.9) can be differentiated with respect to each of one 

of the Pq parameter~ as: 

aE mJ:N L 
-=~(F -~A P'\A =0 • L rL rssfrq ap r=1 $=1 

q 

q=l,2,.··,L (3.10) 

or 

mJ:N L mxN 

L (L Ars Ps ) Arq = L Fr Arq q=l,2,.··,L (3.11) 
r=l $=1 r=1 

Eq. (3.11) gives L simultaneous equations. The solution of Eq. (3.11) will give 

all L unknown parameters to be estimated. For a structure with known input 

information, if the responses can be measured at all DDOFs, then all L system 

parameters, i.e. Ps' s from 1 to L, can be evaluated easily by solving Eq. (3.11). 

However, if the input information is unknown, i.e., in Eq. (3.11), Fp r=l, 2,"', 
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mxN are unknown, Eq. (3.11) can not be solved directly. Therefore, when the input 

information is unknown, the above Least-Squares technique must be modified. 

3.4 The Proposed Procedure 

In this study, the identification of the structural parameters at the element level 

is the subject when input information is unmeasured. In general, the structure can be 

excited at any DDOF or all DDOFs, including at the base to represent the seismic 

loading. The unknown exciting forces can be anything including impulsive, sinusoidal 

or very irregular as in earthquakes. The force-time history may be completely known 

in a deterministic sense, or it could be described in a statistical way, e.g., by a random 

signal. 

The proposed procedure addresses all these issues. Its basic assumptions are: (1) 

the mass matrix to be knO\\'Il, (2) the response quantities to be measured at all DDOFs 

in terms of displacements, velocities, and accelerations, and (3) at least one constraint 

in unknown input excitations to be available. For the assumption (3), the input 

constraints will be related to the locations of unknown input forces. For examples, if the 

input force exactly equals to zero at the ith DDOF, the constraint will be fj(t) = 0; if the 

structure is subjected to a seismic excitation, thus only base acceleration Xo will be an 

unknown input factor, then the input constraint will be fj(t) = - I11jXo, i = 1 to N; if the 

input forces are identical at any two DDOFs (e.g., at the ith DDOF and the jth DDOF), 

the constraint will be fj(t) = ~(t); and other input constraints can be referred similarly. 

The proposed algorithm is an iterative Least-Squares technique. It can be 

observed from Eq. (3.11) that to start the iteration process, it is necessary to have 

information on input excitation. Since the information on the input excitation is not 

available at any time, the iteration can be started by assuming it is zero at time ~, i= 1, 
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2, "',p, where p is the number of time points to be determined as discussed below, and 

p ~ m. From a practical point of view, since it is not correct to assume zero input 

excitation at all time points, p must be kept to a minimum to obtain a non-singular 

solution of Eq. (3.11) and without compromising the convergence or the accuracy of the 

proposed method. It will be elaborated later that p can be only 2 to 4 time points with 

the different structures and different input locations. It will be pointed out that the 

proposed algorithm is not sensitive to this initial assumption. The basic concept of the 

proposed algorithm can be described in the following steps. 

Iterative steps: 

(1). Form the matrix [AlmxN)xL in Eq. (3.4) using available response quantities 

in terms of displacements and velocities of all DDOFs at all m sample time points 

according to Eq. (3.5). 

(2). The input forces fi(9, where i=1,2,···,N and j=1,2,···,p, need to be 

assumed for at least p time points. In this study, since the input information is not 

available, they are assumed to be zero. In order to get non-singular solution of Eq. 

(3.11), in general, p must satisfy: NXp ~ L. 

(3). Since the response quantities are assumed to be available at all DDOFs at 

total m sample time points, F(9 in Eq. (3.6) can be obtained at the fIrst p time points. 

Then, the vector [F] can be formed using Eq. (3.7). Considering all N DDOFs, it can 

be shown that the formed vector [F] in this step will be of dimensions (p x N) x l. 

(4). Referring to Eq. (3.11), the first estimation of the system parameter matrix 

[P] can be obtained by solving L simultaneous equations since the output response 

information Ars is available. Where the matrix [A] in Eq. (3.4) will have a dimension 

of (p XN) x L, and the required Fr values are estimated in step 3. In this step, the 



47 

estimation of [P] can be obtained by (Lewis and Odell, 1970): 

(3.12) 

(5). Using the information on the system parameters [P] obtained in Step 4, the 

unknown input force fj(t) at all m time points now can be generated by using Eq. (3.1). 

(6). All known constraints of input forces need to be introduced to the estimated 

input forces in step 5. For example, if input force is exactly zero at ith DDOF, fj(t)=O 

need to be introduced; if input force at ith DDOF is equal to input force at jth DDOF, 

fj(t)=~(t) need to be introduced; ifunknown input is seismic loading, ~(t)=-IIlj Xo, i from 

to N, need to be introduced, where Xo is acceleration at the base which is the only 

unknown input information and mj is the mass at ith DDOF, etc. Then using Eq. (3.7) 

to form the vector [F] again, where [F] will have a dimension of (m x N) x 1. 

(7). Using the generated input time history at the total m observation time points 

obtained in Step 5 and the information on the vector [F] obtained in Step 6, the next 

estimation of [P] can be obtained by solving Eq. (3.11) again. In this step, the matrix 

[A] will have a dimension of (m xN) x L. The solution of [P] can be obtained by: 

• T -1 T T 
[P]Lxl = ([A]Lx(mxN) [A](mxN)xJ [A]Lx(mxN) [.F](mxN)xl (3.13) 

(8). The information on [P] obtained in Step 7 can be used again to solve Eq. 

(3.1) and the input forces at ~, j=1,2,···,p, can be estimated. Constraints of input 

forces need to be introduced again in this step. 

(9). Steps 3 through 8 need to be reiterated until the convergence of input forces 

at first p time points can be obtained with a predetermined accuracy. Once the algorithm 

converges, the updated [P] will give the estimation of unknown system parameters. 

The above iterative procedure is an Iterative Least-Squares with Unknown Input 

(ILS-UI) technique. The flow chart of the above ILS-UI procedure is shown in Fig. 3.1. 
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A computer program ILSUI in Fortran language is developed for this purpose. 

It can identify the element-level structural parameters in terms of element stiffness and 

damping coefficients. The program can be used to identify several structures including 

shear-type structures, plane trusses, and plane frames. For the applications of the ILS-UI 

technique to different structures, the key step is to form the matrix [A(t)] in Eq. (3.3). 

Different structural models and different defInitions of unknown element-level structural 

parameters will result in the different forms of the matrix [A(t)]. Several numerical 

examples are given in next two chapters to describe the accuracy, efficiency, and 

robustness of the proposed ILS-UI procedure in the applications of above three-type 

structures. 



No 

Foj=[f(tj)]=O,j=I to P 

SolveEq. (3.11) 

Get: [P] 

Using Eq.(3.l) 

Get: [f(tj)],j=1 to rn 

Introduce input constraints 

Solve Eq. (3.11) Again 

Get: update [P] 

UsingEq. (3.1) Again 

Get:Fkj=[f(tj)],j=l to rn 

Fig. 3.1 Flow Chart of the Proposed ILS-UI Procedure 
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CHAPTER 4 

THE PROPOSED ILS-UI TECHNIQUE APPUED TO 

SHEAR-TYPE BUILDINGS 

4.1 Introduction 
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A shear-type building is considered first to show the applications of the proposed 

ILS-UI technique. Four examples with different DDOFs shear-type buildings excited by 

different types of unknown input forces are considered. First example considers a two

story shear-type building subjected to an unknown sinusoidal excitation at the top floor. 

In the second example, a three-story shear-type building subjected to unknown seismic 

excitation is discussed. Example 3 considers the unknown input force to be a random 

signal applied to a six-story shear-type building at different locations. Finally, a ten

story shear-type building is considered in Example 4 excited by an unknown white noise 

signal applied at the top floor. To address practical situations, both noise-free and noise

included output responses are considered in all numerical examples. The general ILS-UI 

procedure discussed in Chapter 3 needs some modification before it can be applied to 

shear-type buildings. These are discussed in the following section. 

4.2 Shear-type Building Model 

A shear-type building is defmed as a structure in which there is no horizontal 

rotation at the floor levels. The basic assumptions for a shear-type building are: (1) the 

total mass of the structure is concentrated at the floor levels, (2) the girders are infinitely 
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rigid compared to the columns, and (3) the deformation of the structure is independent 

of the axial force present in the columns (paz 1980). 

The ILS-VI procedure described in Chapter 3 is very general in nature and needs 

to be modified for shear-type buildings. An N-story shear-type building model as shown 

in Fig. 4.1 is considered first. mi'~' and Ci are the mass, stiffness, and damping 

constants at the ith floor level, respectively. In; can be estimated as Wi / g, where Wi 

is the weight at the ith floor and g is the acceleration due to gravity. ~ can be calculated 

as 12Ei(2I)/Li3, where Ei is the material modulus of elasticity of columns at the story i, 

Ii is the cross-sectional moment of inertia of columns at the story i, and Li is the height 

of the story i. 

For a shear-type building, the mass matrix is diagonal and can be written as: 

m1 0 ... 0 

0 mz 
... 0 

M= (4.1) 

0 0 ... mN 

The corresponding damping and stiffness matrices in Eq. (3.1) can be shown to be: 

C1+C2 -c2 0 0 ... 0 0 

-cz C2+C3 -c3 0 ... 0 0 

c= ... . .. ... (4.2) 

0 0 0 0 .,. cN-1+eN -eN 

0 0 0 0 ... -eN eN 

and 
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kt+1s. -Is. 0 0 ... 0 0 

-Js. Is.+~ -~ 0 ... 0 0 

K= ... . .. ... (4.3) 

0 0 0 0 ... kN- t +kN -k N 

0 0 0 0 ... -k kN N 

Assuming the mass matrix M to be known as discussed in Chapter 3, the 

parameters c j and k j need to be identified for the building. Thus in Eq. (3.4), the total 

number of unknown parameters is L=2xN. Since the response quantities in terms of 

acceleration, velocity and displacement are assumed to be available at all DDOFs, the 

response vectors in Eq. (3.1) can be expressed as: 

X(t) = [ xt(t), x.z(t), ... , xJt) f (4.4) 

(4.5) 

X(t) = [ it(t), iz(t), ... , iJt) f (4.6) 

In general, the input excitation vector can be represented by: 

ft.t) = [ft(t),fz(t), ···,fJt) ]T (4.7) 

If the input is at the ith floor level only, Eq. (4.7) will reduce to: 

ft.t) = [ 0, 0, ... , O,~(t), 0, ... , 0 ]T (4.8) 

If the structure is excited by a seismic load, and Xo(t) denotes the ground acceleration at 

time t, the corresponding input force vector can be expressed by the inertia force at all 
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masses as: 

(4.9) 

The matrix [A(4)] in Eq. (3.5) will take the following form for a shear-type building: 

Xl Xi-iz ... 0 0 Xl XI -17. 

0 iz-XI ... 0 0 0 17.-XI 

A(tj) = 

0 0 ... X
N

_
1
-X

N
_
2 XN_I-XN 0 0 

0 0 0 XN-XN_1 0 0 

The vector F(t j) in Eq. (3.6) becomes: 

FCt) = 

It (tj) -m1xl (tj ) 

hCtj ) -m-ACtj ) 

. .. 0 0 

0 0 

... XN- 1-XN-2 XN_1-XN 

0 XN-XN_1 

The vector of unknown system parameters [P] in Eq. (3.4) can be shown to be: 

(4.10) 

(4.11) 

(4.12) 

According to the iterative steps described in the previous chapter, the 

identification process can be started by assuming the input exciting forces to be zero at 

first p time points. For shear-type buildings, when input forces act at the floor levels, 

P will be only 2 time points to obtain a non-singular solution of Eq. (3.11) and will 

assure the convergency of the proposed ILS-UI method. When the building is subjected 

to a seismic load at the base, from practical point of view, p will be 4 time points to 
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obtain a stable convergency. Since the response quantities are supposed to be available 

at all floor levels, the system parameter vector [P], i.e., damping cl , ~, ···,cN, and 

stiffness kl , k2, ···,kN of all elements, can be evaluated by using the proposed ILS-UI 

procedure. 

The proposed algorithm needs to be verified for the shear-type building at this 

stage. Four numerical examples of shear-type buildings with different stories and 

unknown input excitations are considered in the following sections to clarify and amplify 

several desirable features of the proposed ILS-UI method. 



55 

m 
1"-1 

kN_1 ' C N-1 

-'--

m 
2 

m 
1 

Fig. 4.1 N-Story Shear -Type Building Model 
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4.3 Numerical Examples 

4.3.1 A 2-story shear-type building subjected to an unknown sinusoidal excitation 

A two-story shear building represented by a 2 DDOFs system is considered trrst, 

as shown in Fig. 4.1 with N = 2. The actual values of the parameters are: 

mr = 136.0, c1 = 307.0, 

m2 = 66.0, ~ = 443.0, 

k1 = 30700.0 

k2 = 44300.0 

The structure is assumed to be excited by a sinusoidal force f(t) = 10000 Sin 

(20t), applied horizontally at the top floor level. The structural responses in terms of 

displacement, velocity, and acceleration of the structure are calculated at the two mass 

points by the fInite element method. 

To describe the proposed methodology, these response quantities are assumed to 

be measured at both locations of the structure. Since the input exciting forces are 

assumed to be unavailable in the proposed method, the input sinusoidal exciting force is 

completely ignored after the information on the responses is obtained. The task is to 

estimate the system parameters at the element level, i.e. c1, ~, k1, and k2, as accurately 

as possible with the proposed algorithm, by using response measurements only, where 

the masses m1 and m2 are assumed to be known. In this example, to start the proposed 

iteration, the input force at trrst floor is assumed to be zero, i.e., f1(t)=0. This gives 

an input constraint required for the proposed ILS-UI procedure. 

Although the responses are available for a long duration, only the responses from 

0.2 to 0.7 sec are considered here to establish the robustness and efficiency of the 

proposed method. Furthermore, it is assumed that the responses are available at 0.01 
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sec time intervals providing 50 sample points. 

The structure is identified using the proposed ILS-UI procedure. Initially, all the 

responses are assumed to be noise free. The actual and the estimated values of element 

stiffness parameter k j and damping coefficient Cj, i = 1 to N, are shown in Table 4.1. 

The maximum error in the stiffness estimation is only 0.014%, and for damping 

estimation, the maximum error is 0.12%. These errors are considerably smaller than 

those in other methods currently available in the literature. 

Some noises are expected in the actual measurements of the structural responses. 

To address the issue of noise in the response quantities, numerically generated white 

noise with intensities of 1 % and 5% of the root-mean-square (RMS) values of the 

responses observed at the first story are added to the output data. A similar procedure 

was followed by Toki et al. (1989). The response time history of displacements at two 

stories for 5% noise case are shown in Figs. 4.2 and 4.3, respectively. For comparison 

purposes, displacements at two stories for noise-free case are also shown in Figs. 4.2 and 

4.3. 

The structure is identified again using this contaminated output data. The 

estimation of ~ and Cj values for the two noise level cases are also shown in Table 4.1. 

The maximum errors in the stiffness estimation are 0.365% for 1 % noise level case and 

1.814% for 5% noise level case. The corresponding maximum errors for damping are 

1.47% and 7.6%, respectively. These errors are also small. 

It needs to be point out that the proposed ILS-UI method can also be used to 

identify the input excitation forces. After the system parameters are identified, Eq. (3.1) 
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can be used .to identify the input forces at all time points. To show the ability of input 

identification by the ILS-UI technique, the exact input force and identified input force 

using 5 % noise-included responses are shown in Figs. 4.4a and 4.4b, respectively. From 

Fig. 4.4, it is clear that the identified input force is accurate. It is interesting to note that 

since the identified input force using noise-free responses are almost identical to the 

actual input force, the result of this input identification is not given here. The success 

in the input identification makes the another method for objective 2 available as will be 

discussed later. However, input identification is not a major objective of this study. It 

will not be considered further for other numerical examples considered in the following 

sections. 

Floor 

Exact 

No Noise 
(error %) 

1 % Noise 
(error %) 

5% Noise 
(error %) 

Table 4.1 The result of Example 4.3.1 
(0.2-0.7 sec sampling time at 0.01 sec time interval) 

k i Ci 

1 2 1 

30700.0 44300.0 307.0 

30700.4 44293.6 306.63 
(0.001) (0.014) (0.12) 

30693.7 44461.8 311.10 
(0.021) (0.365) (1.34) 

30686.0 45103.6 329.55 
(0.046) (1.814) (7.35) 

2 

443.0 

442.87 
(0.03) 

436.48 
(1.47) 

409.31 
(7.60) 
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To amplify the robustness and the stability of the proposed method, different 

sampling time intervals and histories are considered next for this example. In all 

following cases, the responses are assumed to start at 0.2 sec and the total duration of 

the responses are considered to be 0.3, 0.5, 1.0, 1.5, and 2.0 sec. Furthermore, to 

consider the influence of width of the time intervals, the output measurements are 

assumed to be recorded at 0.01 sec, 0.02 sec, and 0.05 sec intervals. The stiffness and 

damping parameters for the two-story shear-type building are identified for all these 

cases. Noise-free and 5% noise-included output responses are considered during the 

identification processes. The errors in identification are shown in Table 4.2. 

Several important observations can be made from Table 4.2. For the noise-free 

case, the duration of the responses measurements and the number of sample points do not 

have important effects on the accuracy of the identified system parameters. However, 

for the 5 % noise case, when a large time interval of 0.05 sec and a short total sampling 

time history of 0.3 sec are used, the errors in the identified system parameters are large. 

For this case, the error in damping estimation is 35.77% for 5% noise level case. 

However, the stiffness estimations are very accurate for all cases in this example. Also, 

a long sampling time history may not have a significant impact on the accuracy of the 

identified system parameters. Therefore, it is not necessary to have a long sampling time 

for the successful implement of the ILS-UI technique. For this particular example, 1.0 

sec total sampling time with 100 sample points is found to be adequate. 
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Total noise free 
time 
(sec) K(%) C(%) 

0.3 0.01 0.10 

0.5 0.01 0.12 

1.0 0.01 0.21 

1.5 0.01 0.25 

2.0 0.01 0.31 

Table 4.2 Error comparison of various time intervals 
and sample points for Example 4.3.1 (sampling time from 0.2 sec) 

------ ---- ---- ------- -----

0.01 0.02 0.05 

5% noise noise free 5% noise noise free 

K(%) C(%) K(%) C(%) K(%) C(%) K(%) C(%) 

1.12 5.08 0.07 0.93 1.64 2.06 0.12 1.96 

1.81 7.60 0.02 0.57 1.08 1.76 0.09 1.02 

0.23 3.57 0.01 0.39 2.50 3.24 0.04 0.63 

0.35 3.66 0.004 0.43 1.78 3.09 0.04 0.57 

0.64 1. 73 0.004 0.45 2.20 0.99 0.04 0.64 

5% noise 

K(%) C(%) 

2.98 35.77 

1.40 16.41 

2.26 1.10 

2.33 2.11 

1.93 2.72 
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4.3.2 A 3-story shear-type building subjected to an unknown seismic loading 

To show the applicability of the proposed ILS-UI method in identifying structures 

due to seismic excitations, a three-story shear-type building considered by Toki et al. 

(1989) is studied here, as shown in Fig. 4.1 with N = 3. The actual structural 

parameters considered by Toki are: 

m1 = 10.0, c1 = 40.0, 

m2 = 10.0, ~ = 40.0, 

m3 = 10.0, c3 = 30.0, 

kl = 3000.0 

k2 = 2000.0 

k3 = 1000.0 

The structure is assumed to be excited by a seismic load at the ground level. The 

input motion was simulated by mUltiplying the white noise with an evolutionary function 

(Toki et aI., 1989). This simulated input time history is shown in Fig. 4.5. The 

structural responses in terms of displacement, velocity, and acceleration of the structure 

are also calculated using the fInite element method for this example. 

Again, to show the applicability of the proposed method, these response quantities 

are assumed to be measured at all the stories of the structure. The information on input 

seismic excitation is considered to be unavailable after the structural responses are 

obtained. Although the response quantities are available for a long duration, to increase 

the effIciency of the algorithm, a very small duration, from 0.8 to 1.8 sec, is considered 

here. The time interval of the output measurements is considered to be 0.02 sec. The 

structure is identifIed using the proposed procedure for noise free and 1 % noise level 

cases. The noise is added to the output data in a similar way as discussed in Example 

4.3.1. In this example, as mentioned earlier, initial input exciting forces are fIrst 
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considered to be zero at four time points, i.e., 0.8, 0.82, 0.84, and 0.86 sec. Since 

seismic loading is considered in the example, the input forces at all floor levels can be 

shown to be: ~(t)=-mjXo(t), i from 1 to N. Thus gives input constraints as discussed in 

Chapter 3. The actual and the identified stiffness and damping values as well as the 

associated estimation errors are shown in Table 4.3 for both the noise-free and noise-

included cases. For the noise free case, the maximum error is only 0.08% in the 

stiffness estimation and 0.88% in the damping estimation. For the 1 % noise case, the 

corresponding maximum errors are 1.75% and 5.43%, respectively. Told et al. (1989) 

reported a maximum error of about 10% for 1 % noise case. 

Floor 

1 

2 

3 

Table 4.3 Results obtained for Example 4.3.2 
(.6.t=0.02 sec, sample points=50, sampling time 0.8-1.8 sec) 

~ cj 

Exact No noise 1 % Noise Exact No noise 
(error %) (error %) (error %) 

3000.0 2997.53 2988.69 40.0 40.02 
(0.08) (0.38) (0.05) 

2000.0 2000.99 1964.93 40.0 39.65 
(0.05) (1. 75) (0.88) 

1000.0 999.94 998.39 30.0 30.14 
(0.01) (0.16) (0.47) 

1 % Noise 
(error %) 

42.17 
(5.43) 

41.74 
(4.35) 

29.98 
(0.07) 



c . 
In 

~ 
00 Ole -
Oln o • 
a::~ 

c 
In 
I 

10.0 12.0 

Fig. 4.5 Simulated base accelerations for Example 4.3.2 

66 



67 

4.3.3 A 6-story shear-type building subjected to unknown random excitations 

A six-story shear-type building considered by Koh et al. (1991) is considered in 

this example to illustrate the applicability of the proposed method to identify a structure 

subjected to unknown random forces. The actual mass, damping and stiffness parameters 

of the building considered by Koh et al. are: 

m! = 75.0, c! = 550.0, k! = 24000.0 

m2 = 65.0, ~ = 850.0, k2 = 22000.0 

m3 = 65.0, C3 = 450.0, k3 = 21000.0 

II4 = 60.0, C4 = 500.0, ~ = 19500.0 

ms = 75.0, Cs = 650.0, ks = 18000.0 

~ = 80.0, c6 = 550.0, ~ = 16000.0 

The building is excited by a horizontally applied white noise input force fIrst at 

the top floor level and then at the 3rd floor level. The simulated input force of the white 

noise signal is shown in Fig. 4.6. The structural responses are calculated in terms of 

displacement, velocity, and acceleration of the structure by using the fInite element 

method. Again, after the information on the above output responses is obtained, the 

information on the input exciting forces is totally ignored. 

The top floor excitation case is considered fIrst. The responses are assumed to 

be available for all stories of this structure. Only the response time histories from 0.2 

to 1.0 sec at 0.01 sec time interval, giving 80 sample points, are considered in 

identifying the structure in this case. For comparison purposes, an uniformly distributed 

noise, similar to what considered by Koh et al. (1991), is introduced into the output data 
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with intensity of 5% of the root-mean-square value of the output response observed at 

the fIrst story. The structure is identifIed for both the noise-free and 5 % noise-included 

cases by the proposed ILS-UI method. In this example, ~(t) i from 1 to 5 are assumed 

to be zero. They give the input constraints required for the ILS-UI procedure. The 

exact, the identifIed values of ki and ci ' and the errors associated with their identifIcations 

are shown in Table 4.4. For the noise free case, the maximum errors in the stiffness and 

damping estimation are 0.011 % and 0.034%, respectively. For the 5% noise case, the 

corresponding errors are only 1.23% and 3.88%, respectively. Koh et al. observed a 

maximum error of 7.1 % in the stiffness estimation and 9.5 % in the damping estimation 

for the 5 % noise case. In their study, the input information is assumed to be known 

during identification process. 

The structure is identified again by applying the same force, except it is applied 

horizontally at the third floor level. The identified structural parameters and the 

corresponding errors for the noise free and the 5% noise cases are shown in Table 4.5. 

In this case, the maximum errors are of the same order as in the previous case. This 

shows the robustness of the proposed method in identifying stiffness and damping 

properties of a shear-type structure at the element level, where the unknown input 

excitations can be at any floor. 
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Table 4.4 Results of Example 4.3.3 with an unknown random input force 
at the top floor (..!It=O.Ol sec, sample points = 80, sampling time 0.2-1.0 sec) 

~ cj 

Floor Exact No noise 5% Noise Exact No noise 5% Noise 
(error %) (error %) (error %) (error %) 

1 24000.0 24001.1 23846.4 550.0 550.03 571.33 
(0.005) (0.64) (0.005) (3.88) 

2 22000.0 22001.4 21728.8 850.0 850.04 853.35 
(0.006) (1.23) (0.005) (0.39) 

3 21000.0 21001.9 20805.8 450.0 449.97 457.63 
(0.009) (0.92) (0.007) (1. 70) 

4 19500.0 19502.2 19369.3 500.0 499.84 505.94 
(0.011) (0.67) (0.032) (1.19) 

5 18000.0 18001.8 17895.1 650.0 649.78 653.71 
(0.010) (0.58) (0.034) (0.57) 

6 16000.0 16000.8 15919.9 550.0 549.83 557.02 
(0.005) (0.50) (0.031) (1.28) 
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Table 4.5 Results of Example 4.3.3 with an unknown random input force 
at the 3rd floor (.6.t=O.01 sec, sample points = 80, sampling time 0.2-1.0 sec) 

k; Cj 

Floor Exact No noise 5% Noise Exact No noise 5% Noise 
(error %) (error %) (error %) (error %) 

1 24000.0 24000.9 24061.8 550.0 549.93 547.99 
(0.004) (0.26) (0.013) (0.37) 

2 22000.0 22001.2 22093.4 850.0 849.92 865.27 
(0.005) (0.42) (0.009) (1.80) 

3 21000.0 21000.8 21316.3 450.0 449.91 448.58 
(0.004) (1.51) (0.020) (0.32) 

4 19500.0 19501.3 18297.5 500.0 499.92 495.65 
(0.007) (6.26) (0.016) (0.87) 

5 18000.0 18000.8 17322.6 650.0 649.96 616.49 
(0.004) (3.76) (0.006) (5.16) 

6 16000.0 16000.5 15623.1 550.0 549.97 521.76 
(0.003) (2.36) (0.005) (5.13) 



o·z 

o 

0·0 
aO.JoJ 

71 

o·z-



72 

4.3.4 A 1O-story shear-type building subjected to an unknown white noise input 

A ten-story shear-type building is considered next to establish the robustness and 

efficiency of the proposed ILS-UI method in identifying tall shear-type buildings. The 

building is shown in Fig. 4.1 with N = 10. The actual values of the parameters are: 

mi = 1.0, CI = 95, ki = 950 

m2 = 1.5, Cz = 75, k2 = 750 

m3 = 1.0, ~ = 65, k3 = 650 

m4 = 2.0, C4 = 65, ~ = 650 

ms = 1.0, Cs = 45, ks = 450 

~ = 0.9, C6 = 45, ~ = 450 

m7 = 0.8, ~ = 44, k7 = 440 

mg = 1.0, Cs = 36, ks = 360 

~ = 0.7, C9 = 37, ~ = 370 

mla = 0.5, c lO = 34, klO = 340 

The structure is assumed to be excited by a white noise force applied horizontally 

at the top floor. This simulated white noise force is shown in Fig. 4.7. The structural 

responses in teons of displacement, velocity, and acceleration of the structure are 

calculated at the ten mass points by using the finite element method. To describe the 

proposed methodology, these response quantities are assumed to be measured at all floor 

levels of the structure. After the structural responses at all DDOFs are obtained, the 

infoonation on the input white noise exciting force is completely ignored. Again, 

assuming the masses at all ten floor levels to be known, the task is to estimate the system 
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parameters c j and k j , i from 1 to 10, as accurately as possible with the proposed 

algorithm using the noise-free and noise-contaminated output responses only. Proceeding 

similar to previous examples, ~(t) i from 1 to 9 are assumed to be zero for this example. 

Thus, input constraints are given as discussed earlier. 

Although the responses are available for a long duration, only the responses from 

0.2 to 1.0 sec are considered here. Furthermore, it is assumed that the responses are 

available at 0.01 sec time intervals providing 80 sample points. Again, all the responses 

are initially assumed to be noise free. The structure is identified using the proposed 

procedure; the actual and the predicted values of k j and cj are shown in Tables 4.6 and 

4.7, respectively. The maximum error in the stiffness estimation is only 0.14%, and for 

damping the maximum error is also 0.14%. To represent real situation, some noises in 

the responses measurements are expected to be present. Numerically generated white 

noise with intensities of 5 % and 10% of the root-mean-square values of the responses 

observed at the first story are added to the output data. The structure is identified again 

using this contaminated output data. The estimated kj and Ci values for the two noise 

level cases are also shown in Tables 4.6 and 4.7. The maximum errors in the stiffness 

estimation are 1.42% for 5% noise level case and 4.95% for 10% noise level case. The 

corresponding maximum errors for damping are 3.23 % and 9.52 %, respectively. Again, 

the proposed ILS-UI procedure identifies this tall shear-type building very well. 
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Table 4.6 Identified Stiffness for Example 4.3.4 
(..1.t=O.OI sec, sample points=80, sampling time 0.2-1.0 sec) 

K 

Exact No noise Error % 5% Error % 10% 
Noise noise 

950. 949.70 0.03 947.11 0.30 920.63 

750. 749,73 0.04 743.45 0.87 720.57 

650. 649.67 0.05 643.22 1.04 622.13 

650. 649.56 0.07 642.62 1.14 621.47 

450. 449.50 0.11 443.59 1.42 427.71 

450. 449.41 0.13 444.45 1.23 431.78 

440. 439.38 0.14 435.74 0.97 427.00 

360. 359.50 0.14 357.43 0.71 352.85 

370. 369.70 0.08 368.35 0.45 365.64 

340. 339.73 0.08 338.80 0.35 337.09 
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Error % 

3.09 

3.92 

4.29 

4.39 

4.95 

4.05 

2.95 

1.99 

1.18 

0.86 
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Table 4.7 Identified Damping for Example 4.3.4 
(.6.t=O.Ol sec, sample points=80, sampling time 0.2-1.0 sec) 

C 

Exact No Error % 5% Error % 10% 
noise Noise noise 

95. 94.89 0.12 91.93 3.23 85.96 

75. 74.92 0.11 73.09 2.55 69.15 

65. 64.93 0.11 63.61 2.14 60.84 

65. 64.93 0.11 63.88 1.72 61.79 

45. 44.97 0.07 44.72 0.62 44.40 

45. 44.99 0.02 44.92 0.18 45.00 

44. 44.01 0.02 44.03 0.07 44.26 

36. 36.02 0.06 36.05 0.14 36.21 

37. 37.05 0.14 37.07 0.19 37.17 

34. 34.03 0.09 34.05 0.15 34.10 

75 

Error % 

9.52 

7.80 

6.40 

4.93 

1.33 

0.0 

0.59 

0.58 

0.46 

0.29 
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Fig. 4.7 Simulated white noise input forces for Example 4.3.4 
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4.4 Observations and Discussions 

The proposed ILS-UI method is verified by four numerical examples for shear

type buildings without using input information. Four examples considered different 

stories of shear buildings, i.e., 2, 3, 6 and 10, and different types of unknown input 

forces including the sinusoidal excitation, the seismic loading, and random forces. For 

verification purposes, both the noise-free and noise-included output responses are 

considered in these examples. In all noise-level cases, the proposed ILS-UI method 

identified the structural parameters very well. The ILS-UI technique has several 

advantages: the input exciting forces are not required to be measured, there is no 

restriction on the type of exciting force, only a small number of observation points are 

required, and no information is required on the modal properties of the structure. Thus, 

it is very economical and simple for the identifications of shear-type buildings. 

It needs to be pointed out that the proposed ILS-UI method is very accurate for 

the identifications of shear-type buildings if the noise in the output measurements is 

ignored. Even if some noise ( < 10% in RMS) is present in the output measurements, 

the proposed ILS-UI procedure still identified the structural parameters very well at the 

element level. It is noted that the structures are identified using only about 1. 0 sec of 

measured output responses. A long duration record is not necessary for the successful 

implementation of the proposed method, even if the number of the DDOFs of shear-type 

buildings is large. Moreover, the proposed method not only identifies element-level 

structural parameters very well, but also the input excitation. All of these features make 

the procedure extremely robust. 



5.1 Introduction 

CHAPTER 5 

THE PROPOSED ILS-UI METHOD APPUED TO 

PLANE TRUSSES AND FRAMES 
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In Chapter 4, shear-type buildings were considered to established the applicability 

of the proposed U.$-UI technique. In this chapter, other commonly used structures such 

as plane trusses and plane frames are considered to clarify the proposed iterative steps 

further. The structural dynamic model considered in this chapter has a proportional 

damping. The formulations for general structural model with a proporticnal damping are 

developed fIrst. Then, the formulations for the plane trusses and frames are given. 

Finally, three numerical examples are considered here to show the capability of the 

proposed ILS-UI technique to identify plane trusses ?.nd frames. In the fIrst example, 

a steel bridge structure is modeled as a plane truss excited by an unknown white noise 

force. Example 2 considers an offshore structure modeled as a plane truss subjected to 

two unknown input forces. In the third example, a two-bay one-story frame structure 

is considered. The unknown input force is considered to be a random signal again. 

5.2 Structural Model with Proportional Damping 

5.2.1 General structural model 

A general fInite element model of structures considering the proportional damping 

can be described as follows. 
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Assuming the global damping matrix C = a K + {3 M, where a and (3 are the 

stiffness and mass proportional damping constants, respectively. Assuming mass matrix 

M to be known as discussed in Chapter 3, then Eq. (3.1) can be rewritten as: 

a; K X(t) + P M XCt) + K X(t) = fl..t) - M X(t) (5.1) 

For an N DDOF structure with 1 elements, the unknown structural parameters to be 

identified are assumed to be kl' k2' ... , k/, a, and {3, where Is is the stiffness parameter 

of the jth element. This stiffness parameter can be defmed by considering the type of 

element. Using the finite element analysis concept (Cook 1989), the global stiffness 

matrix K can be formulated by taking the summation of the element stiffness matrixes, 

i.e., K = E [k]. In this formulation, the element stiffness matrix [k] needs to be 

expanded to size N by N, the size of the global stiffness matrix. Furthermore, the 

expanded element stiffness matrix for the jth element can be expressed as [kYNxN = kj 

[S]jNxN' where ~ is an N by N matrix corresponding to the expanded stiffness matrix of 

the jth element. Then, the global stiffness matrix K in Eq. (5.1) can be expressed as: 

1 1 

K = L [kY = L k
j 
sj = Is S1 + Is S2 + ... + kz SI (5.2) 

j=l j=1 

Therefore, the third term in Eq. (5.1) can be written as: 

K X(t) = k1 S1 X(t) + Is S2 XCt) + ... + k[ SI X(t) (5.3) 

Similarly, it can be shown that 



K X(t) = k1 8 1 X(t) + kz 82 X(t) + ... + k, 8 ' X(t) 

Thus, Eq. (5.1) can be rearranged as: 

kl 8 1 X(t) + kz 82 X(t) ... + k, 8 ' X(t) 

= f(t) - M X(t) 
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(5.4) 

(5.5) 

Eq. (5.5) can be expressed in matrix form as in Eq. (3.3), i.e., [A(t)] [P] = [F(t)]. The 

total number of unknown structural parameters is L=(2 xZ+ 1). The matrix [A(t)] in Eq. 

(3.3) can be shown to be: 

A(t) = [81 X(t) 82 X(t) ... 8 1 X(t) 8 1 X(t) 82 X(t) ... 8 1 X(t) M X(t)] (5.6) 

Also, the vector [P] in Eq. (3.3) is a (2xl+1)x1 vector composed of the unknown 

element stiffness parameters kj' j = 1 to I, as well as the proportional damping constants 

a and (3. It can be expressed as: 

(5.7) 

[F(t)] in Eq. (3.3) is an NXi vector composed of l..."1put excitation a.."ld i...'lertia forces at 

any time t, assuming the mass matrix to be a lumped mass matrix, then [F(t)] can be 

shown to be: 



~(t)-mlil(t) 

h(t) -mziz.(t) 
F(t) = 

fJt)-m~Jt) 

81 

(5.8) 

Considering all m sample-time-point measurements, and using Eqs. (3.5), (3.6), 

and (3.7), the matrix [A] an.d the vector [F] for this special structural model can be 

obtained based on above Eqs. (5.6) and (5.8), respectively. Then the proposed ILS-UI 

technique can be used to identify the unknown vector of structural parameters [P] as 

shown in Eq. (5.7). To start the iteration process, it is necessary to assume input forces 

to be zero at flrst p time points as discussed in Chapter 3. It can be elaborated further 

that p can be only 3 time points to get non-singular solution of Eq. (3.11) for this 

structural model and without compromising the convergence or the accuracy of the 

proposed ILS-UI method. Again, unknown input excitations can be any type forces, and 

there is no restriction on output response type here. 

The proposed ILS-UI algorithm can be used to various types of structural systems 

with the proportional damping model. As discussed in Chapter 3, the matrix [A(t)] in 

Eq. (3.3) will have different forms for different structures. Thus, Eq. (5.6) in this 

chapter needs to be developed further for different structures. In the following sections, 

plane truss and plane frame models are given. The corresponding formulas for the 

matrix [A(t)] in Eq. (5.6) and the vector [F(t)] in Eq. (5.8) are also discussed. 
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5.2.2 Plane truss model 

An uniform bar element of a plane truss structure has two nodal coordinates at 

each joint, i.e, a total of four nodal coordinates. The ith element of a plane truss 

structure is shown in Fig 5.Ia in local coordinates. 

The lumped mass matrix for this ith truss member is assumed to be known in this 

study. It can be shown to be: 

1 000 
- 0 1 o 0 . m. (5.9) [m]' =_1 
2 o 0 1 0 

000 1 

where, mj is the total mass of the ith element. Then, the finite element concept can be 

used to form the global mass matrix for the plane truss structure. Once the diagonal 

global mass matrix is obtained, the vector [F(t)] can be obtained by using Eq. (5.8). 

In local coordinates, using the finite element concept, the stiffness matrix of the 

ith element can be shown to be: 

1 0 -1 0 

-. A.E. 0 0 0 0 
[k]' = _'_I 

Li l ~1 ~ ~ ~ 
(5.10) 

where E" .'\, and L j are the Young's modulus, the cross-sectional area, and the length 

of the ith element, respectively; and [k] represents the element stiffness matrix in the 

local reference coordinates. kj = Ej Aj / Lj is the defmed stiffness parameter of a truss 
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element, which needs to be identified. 

In order to use the ILS-UI procedure, the matrix [A(t)] must be formed first using 

Eq. (5.6). From the R.H.S. of Eq. (5.6), it can be seen that the matrix Si needs to be 

developed for the ith truss member. For this purpose, the element stiffness matrices in 

local coordinates must be transferred to the global coordinate system by: 

(5.11) 

where [k] represents the element stiffness matrix in the reference of global coordinates, 

and the matrix [T] is the transformation matrix and can be shown to be: 

[1] = 

cesS sinS 0 0 

-sinS cose 

o 0 

o 0 

cesS sinS 

o 0 -sinS cosS 

(5.12) 

where the angle e represents the relationship between the local and global coordinates, 

as shown in Fig 5.1b. 

Substituting Eq. (5.10) into Eq. (5.11), the element stiffness matrix [k] can be 

shown to be: 

1 0 -1 0 

[k]i = [1]T k
i 

0 0 0 0 
[1] = ki [S]i (5.13) 

-1 0 1 0 

0 0 0 0 

where [S]i is a 4x4 matrix in the reference of global coordinates for the element i. The 

matrix Si can be formed by expatl.dL.'1g [S]i to an N xN matrix in the global coordinates. 
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Once the matrix Si for all elements, L~., i = 1 to 1, are obtained, the matrix [A(t)] can 

be obtained by Eq. (5.6). 

After the matrix [A(t)] is obtained, the ILS-UI procedure with p=3 can be used 

to identify the stiffness parameter ki for all truss members. 

5.2.3 Plane frame model 

Unlike an uniform truss member, a typical frame member has six nodal 

coordinates, i.e., three at each node, as shown in Fig. 5.2a. 

The mass matrix of an element is assumed to be lumped again for a plane frame 

structure. In local coordinates, the lumped mass matrix of the element i can be shown 

to be a diagonal matrix as: 

( -[ 2 2ll i . mi Lj L j 

[m] = diag - 1 1 - 1 1 -
2 39 39 

(5.14) 

where mi is also the total mass of the element i, Li is the length of the element i, and the 

third and sixth diagonal terms in Eq. (5.14) account for rotational inertia (Cook et al. 

1989). 

Based on the concept of fInite element method, for the ith frame member of a 

plane frame structure, its element stiffness matrix in local coordinates can be shown to 

be: 
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APi 0 0 -APi 0 0 

0 12/L; 6/Li 0 -12/L; 6/Li 

- E;( 0 6/Li 4 0 6/Li 2 
[k]i = _, (5.15) 

Lj -APi 0 0 APi 0 0 

0 -12/L; 6/Li 0 12/L; 6/Li 

0 6/L, 2 0 -6/L. , 4 

where Ej, and I j are the Young's modulus and cross-sectional moment of inertia, 

respectively. In this study, ~ = E j I j I L j is defmed to be the stiffness parameter of the 

ith element for a plane frame structure, which needs to be identified by the ILS-UI 

procedure. For the describing convenience, Eq. (5.15) can be rewritten as: 

(5.16) 

Again, to use the ILS-UI technique, the matrix [A(t)] in Eq. (5.6) needs to be 

developed first, i.e., Sl, S2, ... , Sl in Eq. (5.6) need to be formed. Similar to the plane 

truss model, a transformation matrix [T] needs to be used for this purpose. The matrix 

[T] for a frame member can be shown to be: 

cose sine 0 0 0 0 

-sme cose 0 0 0 0 

0 0 1 0 0 0 (5.17) [1] = 
0 0 0 cose sinS 0 

0 0 0 -sine cose 0 

0 0 0 0 0 1 

where e represents the relationship between the local and global coordinates, as shown 
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in Fig 5.2b .. 

The element stiffness matrix of the ith element in global coordinates can be 

obtained as: 

[k]j ;: [1]T [k]i [1] 

;: [1]T k
j 

[k] [1] ;: k
j 

[S]i (5.18) 

where the matrix [S]i has a dimension of 6x6 in global coordinates. Then, the matrix 

Si in Eq. (5.6), i = 1 to I, can be formed by expanding the corresponding [S]i to the size 

of NXN of the global matrix. Using Eq. (5.6), the matrix [A(t)] can then be obtained. 

Thus, the ILS-UI technique can be used to identify the element-level stiffness parameters 

ki for all frame members of the plane frame structure. 

The JLS-UI procedure needs to be verified for the truss and frame structures at 

this stage. Three numerical examples are considered for this purpose to evaluate the 

accuracy and robustness of the proposed ILS-UI method in the following sections. 
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5.3 Numerical Examples 

5.3.1 A bridge structure modeled as a truss 

A steel bridge structure, as shown in Fig. 5.3, is considered fIrst. It is modeled 

as a plane truss consisting of 16 members. The total number of DDOF for this truss is 

12, i.e, the horizontal and vertical coordinates at nodes 1 through 6. The lumped mass 

matrix is considered for this example. Also, a proportional damping matrix is assumed 

for this example. The constants a and (3 are chosen to be 0.000848 and 2.768, 

respectively. This represents a 5 % modal damping ratio for the fIrst two natural 

vibration modes. 

The structure is assumed to be excited by a white noise force F(t). The 

numerically generated white noise input force is shown in Fig. 5.4. It is applied 

vertically at node 3, i.e., at the 6th DDOF, as show-:J. in Fig. 5.3. The structural 

responses at all 12 DDOFs are calculated in terms of displacement, velocity, and 

acceleration of the structure by using the fInite element method. Once all response 

quantities are known, the input loading information is completely ignored. Applying the 

proposed ILS-UI algorithm, the structure parameters in terms of element-level stiffness 

parameter k j , a, and {3 can be identifIed using the available output responses only. 

The stiffness parameters of all 16 members need to be identifIed in this example. 

Although responses are available for a long duration, only the response time history from 

0.1 to 0.95 sec, representing the signifIcant portion of the response, are considered at 

this stage. Furthermore, it is assumed that the responses are available at 0.01 sec time 

intervals, providL,g 85 sample points. Initially, all the responses are assumed to be 
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noise-free. To start the iteration process of the proposed ILS-UI method, the input forces 

at the 6th DDOF at first 3 time points are assumed to be zero, i.e., p=3 is used. Also, 

zero input forces at all other DDOFs except the 6th DDOF are needed to be considered 

as the input constraints during the identification process as discussed in Chapter 3. The 

structure is identified by using the proposed ILS-UI procedure. The actual and estimated 

values of kj , where i = 1 to 16, are shown in Table 5.1. The errors in the estimated 

element-level stiffness parameter are found to be insignificant for this noise-free case. 

As discussed earlier, some noise is expected to be present in the output 

measurements. To address the issue of noise in the response quantities, numerically 

generated white noise with intensities of 1 %, 5%, and 10% of the root-mean-square 

values of the responses observed in the horizontal direction at node 1 are added to the 

output data. The structure is identified again by the ILS-UI procedure using this 

contaminated output data. The estimated kj for all elements for the 1 %, 5%, and 10% 

noise levels are also shown in Table 5.1. The maximum errors in the stiffness estimation 

are 0.251 %, 1.239%, and 2.388% for the three noise levels, respectively. These errors 

are very small. 
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Table 5.1 Results obtained for Example 5.3.1 

para- exact no noise 1 % noise 5% noise 10% noise 
meters (error %) (error %) (error %) (error %) 

kl 5555.556 5555.556 5556.647 5560.467 5564.003 
(0.0) (0.018) (0.088) (0.152) 

k2 5555.556 5555.554 5560.379 5579.612 5602.199 
(0.0) (0.087) (0.433) (0.840) 

k3 5555.556 5555.555 5551.529 5534.867 5513.086 
(0.0) (0.072) (0.372) (0.764) 

k.; 3333.333 3333.328 3341.708 3374.646 3412.328 
(0.0) (0.251) (1.239) (2.370) 

ks 3333.333 3333.338 3331.236 3322.518 3311.193 
(0.0) (0.063) (0.324) (0.664) 

~ 3333.333 3333.334 3337.812 3354.237 3370.605 
(0.0) (0.134) (0.627) (1.118) 

k7 5000.0 5000.001 5000.764 4994.881 4967.388 
(0.0) (0.015) (0.102) (0.652) 

k8 5000.0 4999.999 5005.794 5029.419 5058.545 
(0.0) (0.116) (0.588) (1.171) 

~ 5000.0 4999.986 5007.508 5037.908 5074.626 
(0.0) (0.15) (0.758) (1.493) 

1----

klO 5000.0 4999.999 4996.648 4981.069 4956.489 
(0.0) (0.067) (0.379) (0.870) 

kll 3698.001 3698.0 3700.465 3710.261 3721.326 
(0.0) (0.067) (0.332) (0.631) 

kl2 3698.001 3698.0 3704.442 3730.251 3760.944 
(0.0) (0.174) (0.872) (1.702) 

k l3 3698.001 3698.0 3697.146 3693.365 3687.592 
(0.0) (0.023) (0.125) (0.281) 

kl4 3698.001 3698.002 3698.924 3701.139 3700.392 
(0.0) (0.025) (0.085) (0.065) 

k1S 3698.001 3697.999 3702.665 3721.314 3743.445 
(0.0) (0.126) (0.630) (1.229) 

k l6 3698.001 3698.0 3706.924 3742.860 3786.317 
(0.0) (0.241) (1.213) (2.388) 
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5.3.2 An offshore structure modeled as a truss 

A steel jacket-type offshore platform is considered next, as shown in Fig. 5.5. 

It is modeled as a plane truss with 8 DDOFs, i.e, horizontal and vertical displacements 

at nodes 1 through 4. The total number of elements is 10. 

A proportional damping matrix is assumed for this example. Constants a and (3 

are chosen to be 0.000933 and 2.1952, respectively. This represents 5% modal damping 

ratio for fIrst two natural vibration modes. 

The structurE: is assumed to be excited by two sinusoidal forces FI(t) = 100 Sin 

(20t) and F2(t) = 600 Sin (30t), which are applied horizontally at the nodes 1 and 3, i.e., 

at the 1st and 5th DDOFs, respectively, as shown in Fig. 5.5. The structural responses 

at all 8 DDOFs are calculated in terms of displacement, velocity, and acceleration of the 

structure using the fInite element method. Again, once response quantities are known, 

the input loading information is completely ignored. The values of a and (3 are also 

ignored. Applying the proposed ILS-UI algorithm, the element-level stiffness parameters 

of the structure are identifIed using the output responses only. 

Only the responses from 0.04 to 0.99 sec are considered in this example. 

Furthermore, it is assumed that the responses are available at 0.01 sec time intervals, 

providing 95 sample points. The structure is identifIed using the proposed procedure 

with p=3. Except two locations of unknown input forces, all other locations are known 

to have zero input forces. Thus, fi(t) = 0, where i ;:C 1 and i ;:C 5, can be considered 

as input constraints during the iteration process. 

Again, initially, all the responses are assumed to be noise-free, the actual and 
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estimated values of k j of all elements are shown in Table 5.2. The errors in the stiffness 

estimations are also found to be insignificant for the noise-free case. To represent 

practical situation, numerically generated white noise with intensities of 1 % of the root

mean-square values of the responses observed in the vertical direction at node 4 are 

added to the output data. The structure is identified again using this contaminated output 

data. The estimations of k j values for the 1 % noise level are also shown in Table 5.2. 

The maximum error in the stiffness estimation is 6.9%. Again, it can be seen that the 

proposed algorithm identifies the structure very well in this example. 

Table 5.2 Results obtained for Example 5.3.2 

Parameters Exact No noise Error % 1 % Noise Error % 

kl 18850.0 18850.0 0.0 19154.2 1.61 

k2 18826.5 18826.5 0.0 17795.7 5.48 

k3 18826.5 18826.5 0.0 18808.1 0.10 

~ 13000.0 13000.0 0.0 12103.4 6.90 

ks 13000.0 13000.0 0.0 13001.6 0.01 

~ 17136.4 17136.4 0.0 16864.4 1.59 

k7 18826.5 18826.5 0.0 18254.0 3.04 

kg 18826.5 18826.5 0.0 18249.0 3.07 

~ 12369.0 12369.0 0.0 11945.1 3.43 

klO 12369.0 12369.0 0.0 11893.9 3.84 
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Fig. 5.5 The Offshore Structure Model in Example 5.3.2 
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5.3.3 A frame structure 

A two-bay, one-story plane steel frame is considered next, as shown in Fig. 5.6. 

The frame consists of 5 members and is represented by 9 DDOFs. The lumped mass 

matrix and a proportional damping matrix are considered again for this example. The 

damping constantS a and {3 are 0.002395 and 0.832, respectively, which gives a 5% 

modal damping ratio for the fIrst two modes. 

The structure is assumed to be excited by a white noise force applied horizontally 

at node 1, i.e., at the 1st DDOF as shown in Fig. 5.6. Numerically generated white 

noise signal is used as the input force as shown in Fig. 5.7. The structural responses in 

terms of displacement, velocity, and acceleration of the structure are caiculated at all 

DDOFs by using the fInite element method again. After these structural responses are 

obtained, the information on the input white noise exciting force is completely ignored. 

Also, a and {3 are considered to be unknown. The task is to estimate the stiffness 

parameters of all 5 members as accurately as possible with the proposed ILS-UI 

algorithm using noise-free and noise-contaminated output responses only. 

The responses from 0.06 to 0.95 sec, representing the signifIcant portion of the 

response, are considered here to establish the robustness and efficiency of the proposed 

method. Furthermore, it is assumed that the responses are available at 0.01 sec time 

intervals providing 90 sample points. Initially, all the responses are assumed to be noise 

free. The structure is identifIed using the proposed ILS-UI procedure. Again, zero input 

forces from DDOF 2 to 9 are considered as input constraints ii1 the proposed procedure. 

The actual and the identifIed values of kj for all elements are shown in Table 5.3. The 
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errors in the estimated stiffness of all elements are also found to be negligible for noise

free case. As discussed in Examples 5.3.1 and 5.3.2, some noise is expected to be 

added into the output measurements. To address the issue of noise in the response 

quantities, numerically generated white noise with intensities of 1 %,5%, and 10% of the 

root-mean-square values of the responses observed at the vertical direction of node 2 are 

added to the output data. The structure is identified again using this contaminated output 

data. The estimation of ~ of all elements for the three noise levels are shown in Table 

5.3. For the noise-included case, the maximum errors in the stiffness estimation are 

found to be 0.069% for 1 % noise, 0.37% for 5% noise, and 0.81 % for 10% noise. It 

is clear thlt the identified results are accurate for all noise level cases in this example. 
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Table 5.3 Results obtained for Example 5.3.3 

para- exact no noise 1 % noise 5% noise 10% noise 
meters (error %) (error %) (error %) (error %) 

kl 166666.67 166666.67 166551.45 166045.93 165314.01 
(0.0) (0.069) (0.37) (0.81) 

k2 83333.333 83333.336 83285.439 83072.838 82759.983 
(0.0) (0.057) (0.31) (0.69) 

k3 166666.67 166666.67 166560.90 16609.803 165430.16 
(0.0) (0.063) (0.34) (0.74) 

~ 83333.333 83333.336 83295.767 83128.452 82881.020 
(0.0) (0.045) (0.25) (0.54) 

k5 166666.67 166666.67 16657.272 166160.67 165564.15 
(0.0) (0.056) (0.30) (0.66) 
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Fig. 5.6 The Frame Structure Model in Example 5.3.3 
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Fig. 5.7 Simulated random input force for Example 5.3.3 
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5.4 Observations and Discussions 

Several impor..ant observations can be made from above three examples 

considered here. The proposed ILS-UI method is accurate and is superior to the other 

methods presently available in the literature. It needs to be emphasized that the structural 

responses are necessary for only a small duration (less than 1.0 sec) to identify a 

structural system at the element level. A long duration response may be desirable, but 

is unnecessary for the successful implementation of the proposed method. If a structure 

is identified at regular intervals, the information would be provided on the amount, 

location, and rate of structural degradation based on certain standards such as the changes 

in the identified structural parameters. 

The proposed ILS-UI technique is very robust, it can be applied to many different 

types of structures including plane truss, plane frame and shear-type buildings. 

Furthermore, any structure with a finite element representation can be identified with the 

proposed ILS-UI algorithm. The only difference is that the matrix [A] in Eq. (3.4) needs 

to be modified to represent the structure. 

Examples given in this chapter consider a proportional damping model only. 

However, non-proportional damping structural model can also be identified by the 

proposed ILS-UI procedure. For this purpose, Eqs. (5.1) through (5.7) need to be 

modified to consider the non-proportional damping model. Unknown element-level 

structural parameters can be defmed to be kl' k2' "', kz, and c1, ~, "', cz, where ~ 

is stiffness parameter of element i and ci is damping coefficient of element i, thus t.l}e 

number of total unknown parameters will be L = 2xl. However, Eq. (5.6) is not 
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suitable at this time, the matrix [ACt)] needs to be formed by a new formula. 

The ILS-UI technique has many advantages as elaborated in Chapters 3 to 5, 

however, it requires the responses to be available at all DDOFs. It reduces its 

application potentials to large structures. To eliminate the shortcoming of the ILS-UI 

procedure, in the following chapters, the absence of some response measurement 

locations for SI problems need to be studied. Also, at the minimum, the measurement 

locations required to uniquely identify all element-level stiffness and damping parameters 

of a structure need to be studied. 



CHAPTER 6 

THE NEW TECHNIQUE IN IDENTIFYING STRUCTURES 

USING SEVERAL MEASURING RESPONSES 

6.1 Introduction 
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In Chapters 3 to 5, an iterative Least-Squares procedure with unknown input 

excitations (ILS-UI) was proposed to identify structural parameters at the element level. 

It has been verified using numerical examples with three types of structures, i.e., shear

type structures, plane trusses and plane frames. The drawback of the ILS-UI procedure 

is that it requires output response measurements at all DDOFs. However, many 

structural systems have a large number of DDOFs, and it is practically impossible to 

collect response measurements at every DDOF. Tnerefore, it is very important to study 

the effect of the absence of some of these measurements in identifying large structural 

systems. The optimal number and locations of measurement points required to uniquely 

identify the system also need to be studied. The improvement of the ILS-UI method is 

the second objective of this study and is developed in this chapter. 

The extended Kalman-Filter method with a weighted global iteration (KF-WGI) 

(Hoshiya and Saito 1984) is frequently used when the input information is available but 

output responses are not available at all DDOFs. The KF-WGI procedure has several 

advantages. It is a time-domain system identification technique. It is very easy to be 

used when a structure can be represented in a finite element model. Output responses 

can be only at some of the DDOFs. The element-level structural parameters can be 
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directly identified by this technique. However, it cannot be used directly to identify the 

system if the input information is unknown. Since the input information is considered 

to be unknown in this study, a new procedure needs to be developed which uses response 

measurements recorded at only a few DDOFs. 

Such a procedure is developed in this chapter. This new procedure is a 

combination of the ILS-UI and the KF-WGI techniques, and will be hereafter denoted 

as ILS-EKF-UI. It can identify the structural parameters at the element level using 

response measurements only at some of the DDOFs. The minimum and the optimal 

numbers of measurement points and their locations to identify the structure at the element 

level are developed in this chapter. 

In general, the locations of unknown input forces and measured output responses 

are expected to have a significant influence on the uniqueness of the identification 

problem. Therefore, shear-type structures excited at different locations by unknown 

input forces are considered first to develop the idea and the feasibility of this new system 

identification technique, where optimal number and locations of response measurements 

are studied for several special cases. The new technique is then generalized for the 

identification of general structures. 

Before the discussion of this new technique, the basic KF-WGI method needs 

some discussion here. 

6.2 Basic KF-WGI Technique 

The KF-WGI procedure is based on the extended Kalman filter (EKF) technique 
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(Yun and Shinozuka 1980). The EKF technique is discussed very briefly first. 

6.2.1 The extended Kalman fIlter technique 

The EKF technique is a recursive process to estimate the state of the system based 

on measured input and output data. Actually, it is a sequential Least-Squares estimations 

procedure. To use this method, the governing equation of motion, i.e., Eq. (3.1), needs 

to be expressed in a state form. 

Defining the state vector as: 

ZI(t) X(t) 

Z2(t) X(t) 
Z(t) = 

Z3(t) 
-
K 

(6.1) 

-
Z4(t) C 

where, Z(t) is the state vector at time t, X(t) is the displacement vector at the time t, X(t) 

-
is the velocity vector at time t, K is the element-level stiffness parameter vector that 

-
needs to be identified, and C is the element-level damping parameter vector that also 

- -
needs to be identified. Vectors K and C do not change with the time. These vectors can 

be shown to be: 

xJt) 

iI(t) 

i 2(t) 
X= 

iJt) 

(6.2) 

where N is the total number of DDOFs; I is the total number of elements in the finite 
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element representation; ~, and Ci' i= 1,2,'" ,I, are the element-level stiffness and damping 

parameters that need to be identified. These values will not change with time during the 

identification process. Also, Xj(t) and Xi(t) are displacement and velocity at the ith DDOF 

at time t, respectively. Then Eq. (3.1) can be expressed as a state equation as: 

ZI(t) 
X(t) X(t) 

Z(t) = 
Z2(t) XCt) -M-1 ( K X(t) + C X(t) - j{t) ) (6.3) = = 
Z3(t) 0 0 

Z4(t) 0 0 

Where K and C are global stiffness and damping matrices in the finite element 

representation, respectively. They can be formed from the information on the element-

level stiffness and damping parameters, i.e., ~ and c j , using the concept of finite element 

method. In general, Eq. (6.3) can be expressed as: 

Z(t) = g [Z(t), t] (6.4) 

Suppose the response of the structure is measured at time t = k t. t, where t. t is 

the time interval between measurements, then observation vector at time t = k t. t can 

be expressed as: 

y(k) = H Z(k) + v(k) (6.5) 

where y(k) is the S x 1 observational vector at ti..TTIe t = k t. t; S is the total number of 

observations which may include displacements and velocities (acceleration measurements 

are not required for the EKF procedure), and S < 2N; Z(k) is the 2(N + l) x 1 state 
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vector at time t = k t:,. t; v(k) is the S x 1 observational noise vector assumed to be a 

white noise, independent of Z(k), with zero mean and the nonzero diagonal covariance 

matrix Vv; and H is a S x2(N +l) matrix associated with observations. 

From general Eqs. (6.4) and (6.5), a recursive process of the EKF technique can 

be initialed starting at discrete t~e tl; = k t:,. t. This is discussed below. In the following 

steps, k and k+1 represent at discrete time tl; and tl;+I' respectively. 

(1) Start with the filtered state Z(klk) and its error covariance matrix P(klk), where the 

matrix P(klk) have a dimension of (2N + 2l) x (2N + 2l). 

(2) Evaluate the predicted state Z(k+ 11k) and its error covariance matrix P(k+ 11k) by: 

(k+l)~t 

Z(k+ 11k) = Z(k/k)+ J g(Z(tlk), t) dt (6.6) 

kt.t 

P(k+ 11k) = <I>(k+ 11k) P(k/k) <l>T(k+ 11k) (6.7) 

where <t>(k + 11k) is the non-singular state transition matrix of the system, and for small 

t:,. t, it can be approximately obtained as: 

<I>(k+ 11k) = I + at [ agi(Z(t),t) 1 
az. 

J Z(t) = Z(k/k) 

(3) Estimate the Kalman gain matrix K(k + 1) by: 

K(k+1) = P(k+1/k) HT [H P(k+l/k) HT + Vv r 1 

(6.8) 

(6.9) 

(4) Estimate the filtered state Z(k+ 1/k+ 1) and its error covariance matrix P(k+ lIk+ 1) 

by: 
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Z(k+ l/k+ 1) == Z(k+ 11k) + K(k+ 1) [y(k+ 1) - H Z(k+ 11k) ] (6.10) 

P(k+ l/k+ 1) == [ I - K(k+ 1) H] PCk+ 11k) [I - K(k+ 1) H]T 

+ K(k+ 1) V'v K(k+ I)T (6.11) 

(5) Increment k=k+ 1, and return to (1) till k = m, where m represents the discrete time 

tm for the last datum. 

Above iteration process from k = 0 to m is defmed to be a local iteration. When 

the above local iteration procedure is completed, a Weighted Global Iterative procedure 

(KF-WGI) (Hoshiya and Saito, 1984) can be incorporated into the above local EKF 

procedure in order to obtain the stable and convergent solutions. The procedure of KF

WGI technique is described briefly in the following section. 

6.2.2 The KF-WGI technique 

In the KF-WGI procedure, global iterations of the EKF technique are carried out 

by weighing the error covariance matrix at each global iteration. To start the fIrst global 

iteration of the KF-WGI procedure, the initial values of the state vector Z(l)(C/O) and the 

error matrix PO)(O/O) need to be given, where superscript (1) represents the fIrst global 

iteration in the KF-W'GI identifIcation process. Since these initial values are not 

available, an assumption needs to be made here. Generally, the initial values of the 

2(N + l) x 1 vector ZO)(O/O) can be assumed to be zero from 1 to 2N elements. This 

initial vector Z(l)(O/O) can be shown to be: 
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Z?)(OIO) x (1)(010) 0 

z11
) (010) X (1)(010) 0 

(6.12) Z(1)(O/O) = = 
Z~l)(O/O) i(l)(O/O) i(l)(O/O) 

z2)(0/0) C(l)(O/O) C(1)(O/O) 

where X(l)(O/O) and )(1)(0/0) are initial displacement and velocity vectors, and K(l)(O/O) 

and C(1)(O/O) are initial stiffness and damping vectors which can generally be assumed 

to be any positive number. The closer to the true value they are, the easier the 

convergence of the KF-WGI procedure is obtained. 

The initial (2N + 2l) x (2N + 2l) matrix P(l)(O/O) can generally be assumed to have 

nonzero diagonal-element values and it can be shown to be: 

p~l)(OIO) 
p(1)(OIO) = 

o 
(6.13) 

where P x (1)(0/0) is the initial error covariance matrix corresponding to responses, 

PkC(I)(O/O) is the initial error covariance matrix corresponding to the element-level 

- -
parameter vectors K and C, 11 is an unit matrix with 1 to 2N diagonal elements to 

associate the initial errors in displacement and velocity responses , 12 is a 21 x21 unit 

matrix, and'Y is a constant which needs to be assumed to associate the initial errors in 

unknown structural parameters. In general, 'Y can be assumed to be a large positive 

number to accelerate the convergence of the local iteration (Jazwinski 1970). 

Using the EKF local iteration procedure, Z(l)(mlm) and p(I)(mlm) can then be 

obtained. To start the second global iteration of the KF-WGI procedure, the initial 
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values of the vector Z(2)(O/O) a..."1d the matrix p<2)(0/0) need to be assumed. According to 

the results of previous global iteration, they can be set to be: 

zf1)(010) X(l)(OIO) 1 

Z(2)(010) = 
Zp)(OIO) X (1)(010) 

= 
Zj1)(mlm) i(l)(mjm) 

(6.14) 

Z11)(mlm) C(l)(mjm) 

(6.15) 

where w is the weight in order to accelerate the local EKF iteration and it generally is 

a large positive number, e.g., w = 100 (Hoshiya and Saito, 1984); and PkC(l)(mlm) is the 

- -
error covariance matrix corresponding to the element-level parameter vectors K and C. 

It can be obtained from the previous global iteration. The local EKF technique then can 

be used again to obtain Z(2)(m/m) and p(2)(m1m). Thus, the second global iteration is 

completed. 

This global iteration procedure can be repeated till the convergence of the 

identified structural parameters is obtained. The flow chart of the KF-WGI procedure 

is given in Fig. 6.1. 

However, the above KF-WGI procedure requires the input information. In this 

study, the input information is considered to be not available at all m time points, 

therefore, a new iterative procedure needs to be developed. For the convenience of 

description, the concept of this new technique is developed first for two special cases as 
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discussed below. 

6.3 The ILS-EKF-UI Iterative Procedure 

As discussed earlier, the KF-WGI technique requires the information on input 

excitation and the initial values of the state vectors and its error covariance matrix, i.e., 

Z(OIO) and P(OIO). The vector Z(OIO) includes the initial values of the unknown 

- -
parameters, K(OIO) and C(OIO). In order to meet the requirement of the KF-WGI 

technique, the proposed procedure needs to be developed in two phases: (1) obtain the 

initial values of unknown parameters and the estimation of unknown input excitations 

using the ILS-UI technique, and (2) use the KF-WGI technique to identify all unknown 

parameters using response measurements available only at a few DDOFs. The successful 

implement of the ILS-UI technique discussed in Chapters 3 to 5 is the basis of this new 

technique. To describe this idea, two special cases are considered in the following 

sections. A shear-type structure subjected to an unknown input excitation at the top floor 

is considered first. Then, an unknown seismic load is applied at the ground level of a 

shear-type structure. 

6.3.1 Shear-type building with an unknown input excitation applied at the top floor 

An N-story shear-type building subjected to an unknown input excitation at the 

top floor is considered first. Since a large system is a major concern in this study, the 

number of stories of a shear-type building N is assumed to be larger than 3. In other 

words, when N :::; 3, it is unnecessary to study requirements of the minimum measurement 
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locations to uniquely identify the structure using the ILS-EKF-UI method. The ILS-UI 

procedure discussed in Chapter 3 can be used directly to identify the system if N is 

small. From the practical point of view, at least three measurement locations are needed 

to uniquely identify a shear-type building as discussed below. Therefore, N is assumed 

to be greater than 3 in this case. 

The shear-type building model in Chapter 4 shown in Fig 4.1 is considered here 

again. The governing equation of motion, i.e., Eq. (3.1), for N-story shear-type building 

model can be written as: 

ml 0 0 ... 0 0 Xl (t) 

0 m2 0 ... 0 0 .i.z(t) 

... ... ... 

0 0 0 ... mN- I 0 -N-I(t) 

0 0 0 ... 0 mN xJt) 

CI +C2 -C2 0 ... 0 0 0 il(t) 

-C2 C2+C3 -C3 
... 0 0 0 i 2(t) 

+ 

0 0 0 ... -CN- I CN_I+CN -CN ·N-I(t) 

0 0 0 0 -CN CN iJt) 
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kl+Is -Is 0 0 0 0 X1(t) h(t) 

-Is Is+~ -~ ... 0 0 0 x,.(t) A(t) 

+ (6.16) 

0 0 0 ... -k 
N-t kN_t+kN -k N N-t(t) N-t(t) 

0 0 0 0 -k N kN XJt) /Jt) 

Eq. (6.16) gives N simultaneous equations for an N-story shear-type building. In order 

to evaluate the unknown input force at the top floor, it is clear from Eq. (6.16) that the 

L.H.S. of the Nth equation needs to be known. At time t, the Nth equation in Eq. (6.16) 

can be shown to be: 

(6.17) 

Again, as discussed in Chapter 4, masses at all floors are assumed to be known. To 

solve Eq. (6.17), the information on the unknown parameter cN and kN must be available. 

They can be identified using the ILS-UI procedure as will be discussed later. Using the 

now-identified parameters and the measured response quantities in terms of displacement, 

velocity and acceleration at the N-1 and N floors, the unknown input force at the top 

floor can be estimated using Eq. (6.17). 

In order to obtain the convergence of the ILS-UI procedure, considering only Eq. 

(6.17) to form the matrix [A(t)] in Eq. (3.3) is not enough. As discussed in Chapter 3, 

at least one constraint of unknown input forces are required for the ILS-UI procedure. 

Therefore, for this special case, the last two simultaneous equations in Eq. (6.16) for the 
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N-l and N .floors at time t can be considered to form the matrix [A(t)] in Eq. (3.3), 

which meets the minimum requirement of the input constraint. The rearranged governing 

equations for the N-l and N floors at time t can be written as: 

CN- I 

[

XN-IO-XN-2 XN_I-XN XN- 1-XN- 2 XN_I-XN] CN 

XN-XN_I 0 XN-XN- I kN - I 

(6.18) 

kN 

It can also be represented as: 

[A(t)]2x4 [P]4xl = [F(t)hxl (6.19) 

where, zero input force at the N-l floor as an input constraint has been introduced to the 

R.H.S of Eq. (6.18). Similar to Eq. (3.4), considering total m sample time points, Eq. 

(6.19) can be rewritten as: 

[Aj(mx2)x4 [P]4xl = [F](mx2)xl (6.20) 

Once the required measurements for this equation are available, the ILS-UI steps 

with p=2 can be used to identify the vector of unknown parameters [P] which is 

consisted of CN.!, cN, k N.!, and k N• From Eq. (6.18), it is clear that the response 

measurements at least at the top three floors are needed to identify cN.!, cN, k N.!, and k N. 

It needs to be pointed out that all the response measurements should be available in terms 

of displacement, velocity, and acceleration to implement the ILS-VI technique. 

After parameters cN.!, cN, k N.!, and kN are identified by the ILS-VI procedure, Eq. 

(6.17) can be used to obtain the estimation of unknown input forces at the top floor for 
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all m time points since the output responses used in Eq. (6.17) are available. Then these 

estimated input forces can be considered to be known to meet the requirement of the KF-

WGI procedure. Also, identified parameters cN.!, cN, kN.!, and kN can be used to give 

- -
the initial values of total unknown parameters, i.e., initial values of vectors K and C, to 

meet the another requirement of the KF-WGI technique. For this special case, the 

- -
element values of the initial vectors K and C can be considered to have the same orders 

as the parameters cN.!, cN, kN.!, and kN that are identified earlier. In this study, the initial 

- -
vectors K and C are assumed to be: 

CI(O/O) CN kICO/O) kN 

CN-2CO/O) -
kN_ZCO/O) kN (6.21) ecOID) = cN K(O/O) = 

CN_l(O/O) CN-l kN_ICO/O) kN-I 

cJO/O) CN kJO/O) kN 

It can be observed that in Eq. (6.21), the values of CN.!, cN, kN.!, and kN are already 

available from the ILS-UI procedure, however, the initial values of Cj and ~ and i from 

1 to N-2 need to be assumed at this stage. In this proposed procedure, they are assumed 

to be cN and kN, respectively. Using the KF-WGI technique, all unknown parameters, 

i.e., c!, c2, ... cN, and k!, k2' ... kN can now be identified using output responses in 

terms of displacement and velocity measured at the N-2, N-l, and N floors only. 

For an N-story shear-type building model, the number of elements I is equal to 

the number of stories N. Therefore, when the KF-WGI procedure is used, in Eqs. (6.4) 

to (6.11), the state vector Z(klk) has a dimension of 4N x 1; the error covariance matrix 
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P(k/k) is a 4N x4N matrix; the state transition matrix <t>(k+ 11k) is also a 4N x4N matrix, 

the observational matrix H has a size of 6 x4N when the responses in terms of 

displacement and velocity are measured at the top three floors; the observation vector 

y(k) is a 6 x 1 vector; and the kalman filter gain matrix K(k+ 1) is a 4N x6 matrix. 

The above discussion indicates that all element-level stiffness and damping 

parameters of a shear-type building subjected to an unknown input excitation at the top 

floor can be identified when the response measurements are available at the top three 

floors without using information on input excitation. 

It needs to be pointed Out here t.~at, to form the matrix [A(t)] in Eq. (6.17), only 

the last two simultaneous equations in Eq (6.16) need to be considered in the proposed 

method. Thus, at the minimum, the responses must be available at the top three floor 

levels. However, the matrix [A(t)] can also be formed by considering the last three 

simultaneous equations in Eq. (6.16), thus, the requirements on the measurement 

locations will increase to four floors, i.e., at the floor level N-3, N-2, N-l, and N. The 

numbers of unknown parameters for the ILS-UI procedure in the first phase will be 6 

instead of 4, i.e., CN•2' cN.!, cN, k N•2, k N.!, and kN need to be identified. Using this idea, 

it can be inferred that when the shear-type building is excited by two unknown 

independent input forces at the top two floors, at the minimum, response measurements 

at the top four floor levels are necessary to uniquely identify the all element-level 

parameters using the ILS-EKF-UI technique. This observation can be generalized as 

follows. If a shear-type building is excited by i ( 2 < i < N-2) unknown independent 

input excitations applied at the top i floors, then the minimum measurement locations will 
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be at the top. 2+i floors. This inference can be extended to many other cases. 

6.3.2 Shear-type building excited by an unknown seismic loading at the base 

The same N-story shear-type building is then excited by an unknown seismic force 

applied at the base. It is the second special case considered in this study. Again, the 

masses are assumed to be known at all floor levels. The task is to identify stiffness and 

damping parameters of all stories using response measurements observed at only a few 

optimal locations. 

For this special case, the Nth equation in Eq. (6.16) can be used to evaluate base 

accelerations at all m time points. Proceeding similar to Section 6.3.1, to develop Eq. 

(6.20), the governing equations at floors N-l and N used for this special case can be 

shown to be: 

CN- 1 

[

iN-IO-iN-Z iN_I-XN XN-1-XN-2 XN-1-XN] CN = [-mN_lcxoCt)+XN_I(t»] (6.22) 

iN-iN-1 0 XN-XN_1 kN-1 -mJxo(t)+xJt» 

kN 

Where the base acceleration Xo(t) as the input constraint has been introduced to the 

R.H.S. of Eq. (6.22) for the top two floor levels. Again, when the responses in terms 

of displacement, velocity, and acceleration of the top three floors are available, the ILS-

UI technique with p=4 can be used to identify the parameters CN.!, cN, kN.!, and kN • 

Then Eq. (6.17) can be used to evaluate the base accelerations at all m time points. At 

time t, it can be expressed as: 
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(6.23) 

After the parameters CN•l' cN, k N-l, kN' and the base accelerations at all m time 

- -
points are identified in the first phase, the initial K and C can be given by Eq. (6.21) 

again for this special case to meet the requirements of the KF-WGI procedure. Once the 

above information is available, in the second phases, all unknown stiffness and damping 

parameters can be identified by the KF-WGI technique using measurements at the top 

three floors only. 

From the above discussion it is clear that for this special case also, at least 

response measurements at the top three floor levels must be available to uniquely identify 

the shear-type building subjected to an unknown seismic load. 

6.4 Summary of the Proposed ILS-EKF-UI Procedure 

Using the concept developed for above two special cases, a general ILS-EKF-UI 

procedure can be summarized as follows: 

1. Develop an equation of the form [Alcrnxg)xh [P](hXl) = [F1crnxg)xl' where m is the 

total number of sample time points, g is the number of simultaneous governing 

equations needed to identify [P] using the ILS-UI technique in the first phase. and 

h is the number of unknown parameters that need to be evaluated in the first 

phase. The values of g and h will depend on the locations of unknown input 

excitation. This equation will give the minimum number and locations of the 

required output measurements. 
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2. From the determined equation in Step 1, the vector of element-level structural 

parameters [P](hXl) can be identified by the ILS-UI method using available 

measuring responses at the minimum required locations. 

3. Using these parameters identified in Step 2, estimate the input forces at all m 

sample time points by the governing equations. 

4. Make an initial assumption of the vectors ~(O/O) and ZiG/a), i.e. initial stiffness 

-
parameter vector K(O/O) and damping parameter vector C(O/O) for all elements 

based on the identified vector [P](hXl) as suggested in this study to meet the 

requirement of KF-WGI technique. 

5. Using estimated input forces by Step 3 and the obtained initial assumption by Step 

- -
4, identify all unknown element-level system parameters K and C by the KF-WGI 

procedure based only on available measuring responses at the minimum required 

locations. 

In general, m is expected to be small using the ILS-UI procedure, but could be 

large for the KF-WGI technique. For the proposed ILS-EKF-UI technique, m could also 

be large since this proposed procedure uses the KF-WGI technique. 

The flow chart of this proposed ILS-EKF-UI procedure is shown in Fig. 6.2. A 

computer program in FORTRAN language is written to identify structural parameters at 

the element level using the above proposed ILS-EKF-UI procedure. 

Two numerical examples of shear-type buildings for two special cases are 

considered in the following chapter to show the applications of the proposed ILS-EKF-UI 

procedure. 



no 

use EKF procedure 

Get: Z(lCmlm), p(lCmlm) 

Set z51'(O/O), p(k(O/O) 

By: Eq. (6.14), Eq.(6.15) 

use EKF procedure again 

Get: Z(kCmlm),p(kCmlm) 

Fig. 6.1 Flow Chart of the KF-WGI Procedure 
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r start 1 
I 

Form [A] [P]=[F] 

based on optimal output 

I 
use ll..,S-UI procedure 

Get: estimation of[P] 

I 
I I 

Get: input estimation - -

By: Eg. (3.1) Get: initial K(O/O), C(O/O) 

I I 
I 

use KF-WGI procedure 

I 
- -

Get: final K and C 

I 
I end I 

Fig. 6.2 Flow Chart of the ll..,S-EKF-UI Procedure 



CHAPTER 7 

NUMERICAL EXAMPLES FOR THE ILS-EKF-UI TECHNIQUE 

WITH OPTIMAL MEASUREMENT LOCATIONS 

7.1 Introduction 
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In Chapter 6, an iterative procedure based on the ILS-UI and the KF-WGI 

techniques was proposed to identify element-level structural parameters of shear-type 

structures with unknown input excitations when responses are not available at all DDOFs. 

This method is called the ILS-EKF-UI technique. In this chapter, this method is verified 

with the help of two numerical examples. 

In order to compare the results obtained by the proposed ILS-EKF-UI technique 

with limited response measurements with the results obtained by the ILS-UI procedure 

where responses are available at all DDOFs. The shear-type building considered in 

Chapter 4 is considered again. The six-story shear building in Example 4.3.3 excited by 

a random unknown input signal is considered first. In the second example, the same 

building is excited by an unknown seismic loading at the base. As discussed before, both 

noise-free and noise-included responses are considered in following examples to establish 

the robustness of the proposed ILS-EKF-UI method. 

7.2 A 6-story shear-type building subjected to an unknown random force at the top floor 

A six-story shear building discussed in Example 4.3.3 is considered first. The 

actual mass, damping and stiffness parameters of the b~ilding are: 
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m) = 75.0, c) = 550.0, k) = 24000.0 

m2 = 65.0, ~ = 850.0, k2 = 22000.0 

m3 = 65.0, c3 = 450.0, k3 = 21000.0 

m4 = 60.0, c4 = 500.0, ~ = 19500.0 

ms = 75.0, Cs = 650.0, ks = 18000.0 

~ = 80.0, C6 = 550.0, ~ = 16000.0 

The building is excited by a horizontally applied white noise input force at the top 

floor level. The input force of the white noise signal shown in Fig. 4.6 is used again in 

this example. As discussed earlier in Section 6.3.1, at least responses at the top three 

floors are needed to identify all the unknown element-level stiffness and damping 

parameters of the building using the proposed ILS-EKF-UI procedure. The structural 

dynamic responses in tenns of displacement, velocity, and acceleration at the 4th, 5th, 

and 6th floors are calculated using the fInite element method. These values are exactly 

the same as the responses at the top three floors in Example 4.3.3. Again, they are 

assumed to be the measured output responses. Since output response measurements are 

now available, the infonnation on the input exciting force is totally ignored. 

The task is to identify structural parameters for all six floors by the ILS-EKF-UI 

technique using the measured responses at the top three floors only. The response time 

histories for the 4th. 5th, and 6th floors between 0.09 to 1.99 sec at 0.001 sec time 

interval, giving 1900 sample points, are considered in identifying the structure. 

In the fIrst phase, the element-level unknown parameters cs, C6, ks, and ~ are 

needed to be identifIed by the ILS-UI procedure for this example as discussed in Section 
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6.3.1. As stated in Chapters 3 to 5, to successfully implement the ILS-UI technique, 

only a small number of sample time points are required and small time interval of 0.001 

sec is unnecessary. Therefore, in order to save computing time, only 150 sample time 

points between 0.09 to 1.49 sec at 0.01 sec time interval are used for this estimation. 

To start the proposed ILS-UI procedure, the unknown input forces at the first two time 

points are assumed to be zero for this example as discussed in Chapter 4, i.e., p=2 is 

used in this procedure. 

Initially, noise-free responses at the top t.lrree floors are used to identify these 

parameters. The identified parameters by the ILS-UI procedure are: 

Cs = 650.035 ks = 18000.464 

c6 = 549.998 ~ = 16000.405 

Using above identified parameters, the unknown input exciting forces at all 1900 

-
time points can be estimated by using Eq. (6.17). Also, the initial parameter vectors K 

-
and C in Eq. (6.21) are assumed to be: 

kl(O/O) 16000.405 cICO/O) 549.998 

K(I)eO/O) = k4(0/0) 16000.405 C(I)(O/O) = c4CO/0) 549.998 (7.1) 

ks(O/O) 18000.464 cs(O/O) 650.035 

k6(0/0) 16000.405 c6(0/0) 549.998 

In the second phase. the KF-WGI procedure is used to identify the structure 

completely. The initial values of vectors X(l)(O/O) and )c(l)(0/0) are assumed to be zero, 

and the corresponding initial error matrix p(1)(O/O) is assumed to be a 24x24 matrix with 
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diagonal-element values as; 

::: diag (1.0, 1.0, "', 1.0, 1000.0, 1000.0, "', 1000.0) (7.2) 

As discussed earlier in Chapter 6, considering physical aspects of the problem, the large 

initial errors are considered to be 1.0 and 'Y = 1000.0 for response quantities and 

structural parameters, respectively. 

Since the observational locations are at the 4th, 5th, and 6th floors for this 

example, when the KF-WGI procedure is used, the related vectors and matrices can be 

determined as follows. The observation vector y(k) has a size of 6 x 1 to represent 

displacements and velocities at the top three floors; the observation matrix H is a 6 x24 

matrix with following non-zero elements: H1•4 = H2.S = H3•6 = H4•10 = HS•ll = H6.l2 = 

1. 0; the state vector Z(k) is a 24 x 1 vector; the system transition matrix cf> has a size of 

24x24; and the covariance matrix Vv of observational noise vector v(k) is a 6x6 

diagonal matrix. For the weighted global EKF iteration, the weight w = 100 is used in 

this example. Koh et al. (1991) used w = 100 to identify the same building. 

The structure is identified by the KF-WGI procedure using noise-free responses 

available at the top three floors, where the diagonal values of Vv are assumed to be 10.6 

for all six diagonal eiements. The exact, the identified values of K and C, and 

corresponding errors are shown in Table 7.1. The maximum errors in the stiffness and 

damping estimation are 0.004% and 0.047%, respectively; the corresponding maximum 

errors in Example 4.3.3 are 0.011 % and 0.034%, respectively. It can be seen that the 
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identified results using responses at the top three floors by this proposed ILS-EKF-UI 

technique are obviously well for the noise-free case. 

Some noise is expected in the measured output response data. For the comparison 

purpose, an uniformly distributed noise considered in Example 4.3.3 is introduced to the 

measured responses. The structure is identified again by the ILS-UI procedure in the 

first phase using 5 % noise-included output data at the top thr"!\; floors. The identified 

parameters for the top two floors using the ILS-UI technique are: 

Cs = 656.036 ks = 17955.432 

c6 = 549.632 ~ = 16087.731 

Again, unknown input forces at all time points can be evaluated by using Eq. 

- -
(6.17) based on the above identified values. Then the initial parameter vectors K and C 

in Eq. (6.21) for the KF-WGI method can be shown to be: 

k1(0/0) 16087.731 cl(O/O) 1 549.632 

K(O/O) = k4(0/0) 16087.731 C(O/O) = c4(0/0) 549.632 (7.3) 

ks(O/O) 17995.432 cs(O/O) 656.036 

kiO/O) 16087.731 c6(0/O) 549.632 

In the second phase, the structure is identified completely by the KF-WGI 

procedure using the 5 % noise-included responses at the top three floors again. The 

identified results by the KF-WGI technique are also shown in Table 7.1. The maximum 

errors in the stiffness and damping estimations are only 2.585% and 2.483%, 

respectively; the corresponding errors in Example 4.3.3 are 1.23% and 3.88%, 



126 

respectively. 

For both noise-free and noise-included cases, it can be seen that the proposed ILS

EKF-UI technique identified the structural parameters very well. Also, the errors in the 

identified parameters using the ILS-EKF-UI technique are of the same order as those 

using the ILS-UI technique. This shows the robustness and significance of the ILS-EKF

UI technique. 

However, the more sample time points for the implement of the ILS-EKF-UI 

technique are generally required than those of the ILS-UI technique. Total 1900 time 

points are used in this example. Since numerical integration are used in the EKF steps, 

the time interval should be considered as small as possible to obtain better estimations. 

In this example, time interval is considered to be 0.001 sec. 
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Table. 7.1 Results obtained for Example 7.2 
(Llt=O.OOI sec, sample points = 1900, sampling time 0.09-1.99 sec) 

Ie; Cj 

Floor Exact No noise 5% Noise Exact No noise 5% Noise 
(error %) (error %) (error %) (error %) 

1 24000.0 23999.07 24503.32 550.0 549.74 551.80 
(0.004) (2.097) (0.047) (0.327) 

2 22000.0 22000.04 22077.79 850.0 850.30 856.83 
(0.0002) (0.354) (0.035) (0.804) 

3 21000.0 21000.49 20457.19 450.0 449.98 447.99 
(0.002) (2.585) (0.004) (0.447) 

4 19500.0 19499.25 19395.96 500.0 500.15 512.19 
(0.004) (0.534) (0.029) (2.438) 

5 18000.0 18000.12 17917.04 650.0 650.04 656.14 
(0.001) (0.461) (0.002) (0.945) 

I 
6 16000.0 15999.72 16077.64 550.0 550.02 550.28 

(0.002) (0.485) (0.004) (0.051) 
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7.3 A 6-story shear-type building subjected to an unknown seismic loading at the base 

The same 6-story shear building considered in Section 7.2 is then excited by an 

unknown seismic force. It is used to verify the ILS-EKF-VI technique again. 

The base acceleration is simulated by multiplying a white noise signal with an 

evolutionary function for this example. The time history of this simulated base 

acceleration is shown in Fig. 7.1. Again. measured responses at the top three floors are 

needed for the use of ILS-EKF-ul procedure as discussed in Section 6.3.2. The 

structural responses at the top three floors are also calculated using the finite element 

method. After these output responses in terms of displacement. velocity. and 

acceleration are obtained. the input information. i.e .. the information on the base 

accelerations. :s totally ignored. 

The response time history between 1.0 to 4.0 sec at 0.001 sec time interval. 

giving 3000 sample points. is considered in identifying the structure for this example. 

In the first phase. the element-level unknown parameters cs. co. ks. and ko are 

needed to be identified by using the ILS-UI procedure for this example. where only 180 

sample time points are considered for the ILS-UI estimation at 0.01 sec time interval. 

i.e., the response time history from 1.0 to 2.8 sec is used to save the computing time. 

To start the ILS-UI procedure, because the seismic loading is applied, the unknown input 

forces at the first four time points are assumed to be zero for this example as discussed 

in Chapter 4, i.e .. p =4 is used here. 

Initially, noise-free responses are used to identify these parameters. The 

identified parameters for the top two floors using the ILS-UI procedure are: 
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Cs = 651.002 ks = 17999.938 

c6 = 550.001 ~ = 15999.951 

Then, the unknown base accelerations at all 3000 time points c~ be esti..'nated by 

- -
using Eqs. (6.17) and (6.23). Also, the initial parameter vectors K and C in Eq. (6.21) 

for the KF-WGI method can be shown to be: 

k1(0/0) 15999.951 CI(O/O) 550.001 

i(I)(O/O) = k4(0/0) = 15999.951 c(l)(o/O) = cia/a) = 550.001 (7.4) 

ks(O/O) 17999.938 cs(O/O) 650.002 

k6(0/0) 15999.951 c6(0/0) 550.001 

In the second phase, the KF-WGI technique is used to identify the complete 

structure. The initial vector X(!)(O/O) and )((1)(0/0) are also assumed to be zero, the 

corresponding initial error matrix p(1)(O/O) is assumed to be the same as that in Example 

7.2, i.e., Eq. (7.2) is used again for this example. The observation matrix H is the also 

same as before. The observation vector y(k), the state vector z(k/k), the covariance 

matrix \7" of observational noise vector v(k), and the system transition matrix cP also have 

the same dimensions as those in Section 7.2. Again, the weight w = 100 is used for the 

weighted global iteration in this example. 

The structure is identified by the KF-WGI procedure based only on the available 

noise-free responses at the top three floors, where all diagonal elements of the covariance 

- -
matrix \7 v are assumed to be 10.6 again. The exact, the identified values of K and C, and 

corresponding errors are shown in Table 7.2. The maximum errors in the stiffness and 
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damping estimation are 0.082% and 0.107%, respectively. It can be seen that the 

identified results using the noise-free responses at the top three floors by this proposed 

ILS-EKF-UI technique are also very good for this special case. 

For the practical consideration, a numerically generated white noise is introduced 

to the measured responses with intensity of 1 % of the root-mean-square value of 

responses observed at the 4th story. This structure is identified again using this 1 % 

noise-included responses. The identified results by the ILS-UI technique in the first 

phase are: 

cs = 651.603 ks = 18014.211 

c6 = 550.933 ~ = 16012.512 

Again, using the above identified parameters in the first phase, the unknown base 

accelerations at all 3000 time points can now be evaluated by using Eqs. (6.17) and 

(6.23). Since noise-included responses are used in Eq. (6.17) during the input 

identification process, the evaluated base accelerations are expected to include some 

- -
noise. Also, the initial parameter vectors K and C in Eq. (6.21) for the KF-WGI 

procedure are given to be: 

kI (O/O) 16012.512 cl(O/O) 550.933 

- k4(0/0) - c4(0/0) (7.5) K(O/O) = 16012.512 ecOID) = = 550.933 

k,(OjO) j 18014.211 cs(O/O) 651.603 

k6(O/O) 16012.512 c6(O/O) 550.933 

In the second phase. the complete structure is identified by using the KF-WGI 
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procedure for the 1 % noise-included case again, where the covariance matrix V'y with 

diagonal values of 0.01 is used. The larger V'y'S diagonal values are used here to 

eliminate some of uncertainties in the identification of base accelerations. The identified 

results are also shown in Table 7.2. The maximum errors in the stiffness and damping 

estimations are 5.873% and 4.627%, respectively. Identified results indicates that the 

ILS-EKF-UI procedure identifies the structure very well for the 1 % noise-level case in 

this example. 

For both noise-free and noise-included cases in this example, it can be seen that 

the proposed ILS-EKF-UI technique also identified the structural parameters very well. 

This shows the robustness and significance of the ILS-EKF-UI technique to identify 

shear-type buildings excited by an unknown seismic load. 

Total 3000 sample time points are used in this example. This consideration is 

based on the use of the KF-WGI technique in the ILS-EKF-UI procedure. From the 

practical point of view, the required sample time points for the KF-WGI technique with 

a seismic excitation are much more than those for the KF-WGI technique with other 

excitations. 



Floor 

1 

2 

3 

4 

5 

6 

Table. 7.2 Results obtained for Example 7.3 
(tlt=O.OOl sec, sample points = 3000, sampling time 1.0-4.0 sec) 

K C 

Exact No noise 1 % Noise Exact No noise 1 % Noise 
(error %) (error %) (error %) (error %) 

24000.0 24014.09 23169.92 550.0 549.69 524.55 
(0.059) (3.459) (0.057) (4.627) 

22000.0 21993.17 22100.00 850.0 849.43 889.24 
(0.031) (0.454) (0.068) (4.617) 

21000.0 21005.18 21045.76 450.0 450.27 434.85 
(0.025) (0.216) (0.059) (3.366) 

19500.0 19483.95 20645.32 500.0 500.53 513.06 
(0.082) (5.873) (0.107) (2.611) 

18000.0 17999.87 18016.41 650.0 649.99 652.37 
(0.001) (0.091) (0.001) (0.365) 

16000.0 16000.02 15998.03 550.0 549.99 550.83 
(0.0001) (0.012) (0.001) (0.151) 
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B.D .0 12.0 

Fig. 7.1 Simulated base acceleration for Example 7.2 
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7.4 Observations 

Several important observations can be made from the above two examples. The 

ILS-EKF-UI procedure identifies the structural parameters very well in two examples 

considered in this study. The errors in the identification by the proposed ILS-EKF-UI 

procedure using only limited responses are found to be of the same order as those by the 

ILS-UI procedure where responses are available at all DDOFs. This shows that the ILS

EKF-UI technique is very robust. Since the ILS-UI procedure is used first, the proposed 

ILS-EKF-UI procedure does not require to have an initial guess of unknown parameters. 

In order to obtain a convergent solution, the KF-WGI technique generally requires an 

initial guess of unknown parameters which is close to the true value. However, in 

comparison with the ILS-UI procedure, the ILS-EKF-UI procedure requires more simple 

time points, and the sampling time interval is a sensitive parameter since the numerical 

integration is used in the KF-WGI technique. Also, from a practical point of view, the 

diagonal values of the covariance matrix of the observation vector may have a large 

effect on the convergence of the KF-WGI technique when noise-included responses are 

used during the identification process, especially for the identification of a structure 

subjected to a seismic excitation. 



8.1 Summary 

CHAPTER 8 

SUMMARY AND CONCLUSIONS 

135 

Two new system identification techniques are developed and implemented in this 

study. They are capable of identifying the structural parameters at the element level 

without using the information or. input excitations. The first one is the Iterative Least

Squares technique with Unknown Input (ILS-UI). The second one is the ILS-UI and the 

Extended Kalman Filter (EKF) based technique, denoted as the ILS-EKF-UI in this 

study. 

The ILS-UI method is a finite element-based time domain linear system 

identification technique, where input excitation information is not required to be 

measured. This technique is capable of identifying structural parameters in terms of 

stiffness and damping at the element level when responses at all DDOFs are available. 

The unknown input exciting forces can be of any type and can be applied at any location, 

including at the ground level representing the seismic excitation. This makes the 

technique extremely robust. The ILS-UI procedure is verified by numerical examples 

with shear-type structures, plane trusses, and plane frames. For verification purposes, 

both noise-free and noise-included responses are considered. In all examples, the ILS-UI 

technique identified the structural parameters very well by using both the noise-free and 

noise-included response measurements. The errors in the estimation of structural 

parameters are considerably smaller than those in the other methods currently available 
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in the literature, even when input information was used for identification purposes. The 

ILS-UI technique is extremely economical and efficient in identifying structural 

parameters of existing structures, since the input exciting forces are not required to be 

measured, a long duration response measurement is unnecessary, and only a small 

number of sample time points is necessary. Also, the ILS-UI technique can directly 

identify the structural parameters in terms of element-level stiffness and damping without 

evaluating the modal properties of the structure. Moreover, the information on the 

unknown input excitations can also be identified by the ILS-UI procedure. 

However, for a large system, it is practically impossible to measure responses at 

all DDOFs. To eliminate this disadvantage of the ILS-UI technique, in the second phase 

of this study, a new SI technique named ILS-EKF-UI is developed. It combines the ILS

UI technique and the extended Kalman filter with a weighted global iteration (KF-WGI) 

procedure to identify all unknown element-level structural parameters using response 

measurements available only at several optimal locations. In this study, the shear-type 

building is considered to illustrate this new technique. The minimum measurement 

locations required to uniquely identify structural parameters at the element level are 

studied with different locations of unknown input forces for shear-type buildings. Again, 

numerical examples are given to verify this ILS-EKF-UI technique. Both noise-free and 

noise-included responses are used in all numerical examples. Generally, this new 

technique requires more sample time points and a finer time interval than the ILS-UI 

technique. The accuracy of the identification increases with the increase in the sample 

tiLlie points. 
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8.2 Conclusions 

From this study and the results obtained for all nlL."Ilerical examples, several 

important conclusions can be made as follows. 

(1). The proposed ILS-UI technique can identify the structure at the element level 

very well when the infonnation on input excitation is unknown and the output 

measurements are available at all DDOFs. It can be applied to all kinds of 

structures with the fInite element representations including shear-type buildings, 

plane trusses, and plane frames. OrJy a very short time history of response 

measurements is required. When the dynamic degree of freedom of the structure 

is not large, this technique is very simple and effIcient to identify the element

level structural parameters in tenns of stiffness and damping when the mass 

maLrix is assumed to be known. 

(2). The proposed ILS-EKF-UI technique is very economical, simple, and robust in 

identifying a large structure, since only several output measurements are required 

and no input infonnation is needed to identify all element-level stiffness and 

damping parameters of the structure. Also, at the minimum, the response 

measurement locations required to uniquely identify the structure can be 

detennined by the ILS-EKF-UI technique. For shear-type buildings considered 

in this study, this minimum required number of output measurements is only 3. 

However, this technique requires more simple time points and a fIner time 

interval to obtain the convergency. It needs to be pointed out that, although only 

the shear-type structural model with two special cases are considered in the 
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second phase of this study, the idea and concept of tills ILS-EKF-UI technique 

can be used to other structural models and other cases with different locations of 

unknown input forces. 

(3). The proposed two techniques in L~is study have significantly improved the state 

of the art in the area of system identification. Both input identification and 

system identification can be implemented in an identification process by the 

proposed techniques, even if only several optimal output measurements are 

available. This shows that SI techniques have great potentialities to identify 

structures in a very easy way. Also, because both techniques can accurately 

identify the element-level structural parameters, it can be pointed out that the 

changes in structural parameters at the element level can be identified when the 

damage exists, thus both techniques can be used to help locate the damaged 

element. 

8.3 Recommendations for Future Work 

Based on the results of the present study, the following topics can be addressed 

in the future. 

(1). In this study, the ILS-UI technique is verified for shear-type structures, plane 

trusses, and plane frames and the ILS-EKF-UI technique is verified for shear-type 

buildings. Both new SI techniques need to be verified for other types of 

structures. 

(2). Both new SI techniques need to be verified by an experimental procedure. 
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(3). The study in damage detection need to be conducted using these new techniques 

with an experimental procedure. 

(4). Finally, this study needs to be extended to solve nonlinear system identification 

problems, where the information on input excitations is not available. 



APPENDIX A 

NOTATION OF SYMBOLS 

The following symbols are used in this dissertation: 

A 

c 
-
C 

c 
1 

F 

H 

K 

K(k+1) 

-
K 

I 

L 

m 

M 

N 

p 

= matrix corresponding to system responses 

= damping of element i 

= global damping matrix 

= un..lalown element-level damping vector 

= input force vector 

= vector consist of inertia forces and input forces 

= observation matrix 

= stiffness of element i 

= global stiffness matrix 

= Kalmen gain matrix 

= unknown element-level stiffness vector 

= total number of elements 

= total number of unknown parameters to be estimated 

= Length of the ith element for truss and frame 

= total number of observation time points 

= mass matrix 

= number of dynamic degree of freedom 

= number of initial zero input assumption for ILS-UI procedure 
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P 

P(klk) 

P 

S 

w 

Xo(t) 

X,X,X 

y(k) 

Z(k) 

= vector of unknown parameters including stiffness and damping 

= error covariance matrix of state vector Z(kIk) 

= vector of estimated parameters 

= total nu..l!lber of observations 

= matrix corresponding to unexpended stiffness matrix of element j 

= matrix corresponding to expended stiffness matrix of element j 

= weight used for KF-WGI procedure 

= ground acceleration at time t 

= response vectors of acceleration, velocity and displacement 

= observation vector at time t = k ~ t 

= state vector at time t = k ~ t 

= stiffness proportional damping constant 

= damping proportional damping constant 

= state transition matrix 
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