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ABSTRACT

Experimental verification of a novel system identification technique that can detect 

defects at the element level is successfully accomplished.  The method can be used for in-

service health assessment of real structures without disrupting normal operations. This 

study conclusively verifies the method.

Analytical verification of the proposed algorithm has been successfully completed

by the research team at the University of Arizona. Vo and Haldar (2004) experimentally 

verified the method by conducting tests on fixed-ended and simply supported defect-free 

and defective beams.  The purpose of this research was to validate the method by 

conducting experiments with more realistic structures.  

A three-story one-bay steel frame, built to 1/3 scale to fit the experimental facility, 

was considered. The frame was excited by harmonic or impulsive excitation forces. The 

transverse acceleration responses were collected using capacitive accelerometers. The 

angular displacement responses were measured using an autocollimator. 

The dynamic responses of the frames were collected by a data acquisition system 

with simultaneous sampling capability. Using only experimentally collected response 

information and completely ignoring the excitation information, the stiffness of all the 

structural elements were identified.  The method identified the defect-free frame very 

accurately.  Defects, in terms of removing a beam, reducing cross sectional area over a 

small segment of a beam, and cutting notches in a beam, were introduced.  The method 

correctly identified the defect location in all cases.  Additional sensors were placed 
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around the location of the defect in an effort to identify the defect spot more accurately.  

The proposed method also successfully identified defect with improved accuracy.  

To increase the implementation potential of the proposed method, the defect-free 

and defective frames are then identified using limited response information. A two-stage 

Kalman filter-based approach is used. It is denoted as Generalized Iterative Least Square 

Extended Kalman Filter with Unknown Input (GILS-EKF-UI) method. A sub-structure 

approach is used for this purpose.  The GILS-EKF-UI method also identified the state of 

the structure using only limited response information.  As expected, in this case the error 

in the identification goes up as less information is used. However, the error is much 

smaller than other methods currently available in the literature, even when input 

excitation was used for the identification purpose.  The method is very robust and can 

identify defects caused by different types of loadings. The method can be used as a 

nondestructive defect assessment technique for structures. 
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CHAPTER 1

INTRODUCTION

1.1 Statement of the problem

The importance of developing robust in-service monitoring systems that can detect 

and locate progressive deterioration in structures during their normal operation or just 

after extreme loading events is well recognized in the aerospace, mechanical, and civil 

engineering communities. Interest in the safety and health evaluation of structures has

increased over the last decades since existing buildings, bridges, and other similar 

structures help us maintain our way of life and further our economic prosperity; therefore it 

is essential to keep these structures in good working condition. The existing structures 

are aging; their structural properties may have changed over the years, and in some cases 

their design lives have already been exceeded. In addition many important structures in 

operation were designed using building codes and provisions that are obsolete by 

present-day standards, or have changed significantly since then. The subject of optimal 

structural maintenance is receiving more and more attention.

All structures are expected to have their own signatures or characteristics and the 

signatures are expected to change with time as they age (Haldar and Reddy, 1992). 

The condition of a structure can be monitored by tracking its signatures. Therefore, it 

is important to develop a simple, inexpensive, and nondestructive evaluation (NDE) 

procedure, which can be used routinely for in-service condition assessment of existing 
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and retrofitted structures. The procedure should identify with certain accuracy the

signature or characteristic for any type of structural system.

For in-service health assessment, visual inspections are routinely required by the 

profession. The limitations of such visual inspections can be demonstrated by the following 

example. During the Northridge Earthquake of 1994, many steel welded moment-

resisting steel frames in the area of strong shaking suffered weld fractures in the 

connections that framed beams into columns with no apparent distress from an overall 

inspection. Needless to say, given the cost and difficulty of inspecting hidden structural 

elements and connections, detailed inspection (removal of partitions or fire protecting 

material and so on) was not carried out at first. It was in fact only when fractured welds

were identified in buildings under construction, where the connections were not 

hidden, that the presence of cracks became an important issue on subsequent 

inspections. The situation, if undetected, would have resulted in a significant number of 

weakened buildings that would pose undue risk to the occupants during future 

earthquakes.

The aftermath of the Northridge earthquake of 1994 brought this major 

problem to the attention of the profession; namely, what should be done with a structure 

just after an earthquake, whether there is or is not extensive, visible structural 

damage? 

Just after a natural disaster, inspection is an option for detecting defects in structures. 

At present, visual inspections are most commonly used. However, for a large structural 

system consisting of many structural elements, there are no professional guidelines on 
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what or where to inspect in order to locate defects. When an inspection is made, there is 

no way to determine whether all defects were identified or how many inspections may be 

needed to locate all the defects. Therefore, for the successful evaluation of an existing 

structure, the amount of degradation must be objectively quantified using the in place 

structural properties to predict the structural behavior. In addition, simply identifying 

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

objective decisions. After defects are identified and repaired, an objective method is 

needed to evaluate the retrofitted state of the structure to determine the adequacy of the 

repairs.

This study is about major defects that alter the static and dynamic behavior of the 

structure, causing safety concerns. However, a minute defect may become a major 

defect with time as the structure ages; the method to be developed in this study will 

easily detect such potential problems during routine inspections before they become 

dangerous. The detection of severe defects that will cause the structure to develop 

nonlinear behavior is beyond the scope of this study

Identifying and locating these defective spots in a real structure under operating 

conditions is an urgent challenge to our profession, since degraded structures could 

sometimes lead to an unexpected collapse. The basic premise of the concept of the 

methodology to be validated experimentally comes from the realization that in most 

cases, defects originate at the local level; depending on the type, extent and location of 

the defect, it will affect the structure on the global level. In most engineering research, 

it has been attempted to address global problems with global behavior, and local 
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problems with local behavior.

However, there is a third alternative, identifying local parameters with global 

behavior. To implement this concept, one approach that can be used very effectively for 

this purpose is the solution of the inverse problem. Solving the inverse problem to 

assess the current state of a system leads to a system identification (SI) technique. 

This is the subject of this study. This approach is made practical by the advances in data 

processing and signal analysis capabilities brought on by the development of sensor 

technology and the advancement in computational power. A system identification 

procedure will be ideal for this study. 

A finite element based system identification technique will be very appropriate, 

since it can not only quantify the extent of degradation but also the location of the 

damage. Using this concept, the detection of the damaged state of an operating structure 

may give information on (1) the detailed dynamic behavior for the structure, (2) 

location of all damaged elements in the structure, (3) analysis of the damage in terms of 

magnitude or cause, and (4) the implications of the damage in terms of the overall 

structural behavior.

A finite element-based linear time-domain system identification technique is under 

development by the research team at the University of Arizona. It consists of obtaining 

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

mass, stiffness and damping characteristics. A change in the dynamic properties 

should be reflected in changes in the physical state of the structure.  The study is based 

on the axiom that the extent of changes in the structure will be reflected in changes in 
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recordable output responses, which in turn are dependent on changes in structural 

parameters at the local element level. Simply stated, the numerical values in the 

mathematical model of elements' dynamic properties, in terms of mass, stiffness and 

damping characteristics should change to reflect changes in the physical state of the 

structure. Using the information on current element properties, it will be a straightforward

process to evaluate the amount or rate of degradation of a particular element with 

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

inspections.

1.2 Objective of the Dissertation

The primary objective of the study is to validate experimentally a novel linear 

System Identification (SI) technique without input information, as well as assess and 

correlate different damage states with the changes in dynamic properties of a structure. 

This technique was proven to work for shear type building. In order to gain more 

credibility and to implement it for an in-service conditions assessment of real 

structures, a series of experiments are conducted. Steel building structures are 

specifically emphasized in this study. For the clarity of presentation, the proposed 

work is subdivided into four objectives as discussed below:

Objective 1: Generate experimental data to validate experimentally a novel linear 

system identification technique being developed at the University of Arizona.

Objective 2: Extend the system identification technique to evaluate the damage state 

of existing structures based on changes in the stiffness. 

Objective 3: Study different damage scenarios and the potential of the proposed technique 
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to identify such scenarios. 

Objective 4: Verify a new generalized time domain system identification technique using 

only limited experimental response measurements

It is very important to note that this research is intended to contribute to a better 

understanding of presence of defects in existing structures. It will also help to verify a 

novel approach being developed at the University of Arizona. 

1.3 Scope of the Research

To meet the primary objectives comprehensively, the following steps are taken: 

(1) Study a two dimensional steel frame experimentally. The verification process is 

accomplished by the fabrication of a three story, one-bay steel frame structure. 

Numerous experiments are conducted to obtain static and dynamic structural 

properties (stiffness and damping) based on responses collected at pre-selected 

dynamic degrees of freedom (DDOFs). Collected data will help to verify the 

proposed SI technique. To meet the objective, the proposed algorithm must be 

able to: 

a. identify  stiffness of the beam and columns at the element level, and

b. accurately identify defective spots and their location in terms of change in 

the stiffness.

(2) Evaluate the behavior of the frame for different damage scenarios. The set of 

different damage states studied are listed below: 

a. beam element is removed from the frame to simulate severe damage. 

b. cracks are embedded at different locations on a girder. 
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c. cross sectional area of a beam is reduced to simulate corrosion. 

d. loosening of bolts to simulate environmental loading and fabrication 

defects.

e. Several defects are introduced in different elements

The information is used to verify and to extend the technique being 

developed.

(3) Investigate how the damaged state of the structure affects the damping properties 

of the structure. For different defective scenarios, the damping properties are 

estimated and compared to build a preliminary damping-damage relationship.

(4) Conclusively verify the proposed technique to detect defects using limited 

experimental response measurements. Also assess the experimental limitations of 

the technique to detect defective states using limited output responses.

1.4 Summary

The motivation for this research is presented in this chapter. The main focus of the 

study is to validate a nondestructive defect detection technique now underdevelopment at 

the University of Arizona. It is a linear time-domain system identification technique. The 

unique characteristic of this technique is that it does not require input excitation 

information. The proposed novel linear SI technique has been verified theoretically for 

shear type structures assuming damping to be viscous (Wang and Haldar 1997). Then it 

was modified considering Raleigh type damping (Ling, 2000). The method is then 

extended to experimentally identify fixed ended and simply supported beams (Vo and 

Haldar, 2000). Vo and Haldar successfully verified such beams both theoretically and 
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experimentally. Furthermore it was extended and theoretically verified to identify frame 

structures (Katkhuda and Haldar 2004). The main goal of this study is to improve the 

experimental research from identifying beams to consider more complicated structures. 
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

One of the major building blocks of the study is system identification (SI). The concept 

of SI is not new (Agbabian, et. al., 1991; Aktan, Zwick, Miller, and Shahrooz, et. al., 

1993; Aktan, Catbas, and T &&u rer, and Zhang, et. al, 1998; Doebling, Farrar, Prime, and 

Shevitz, et. al., 1996; Fassois, et. al., 1990; Ghanem and Shinozuka, et. al., 1994;

Shinozuka and Ghanem, et. al., 1995; Hart and Yao, et. al., 1991; Imai, et. al., 1989;

Park and Reich, et. al., 1997; Park and Stubbs, et. al., 1996; Torkamani and Ahmadi,

et al., 1988). In fact, the concept is so simple, and so much work is already available, 

that it is virtually impossible to cite all of them. Only a few representative references 

related to the proposed study are mentioned here. A casual review might seem to 

indicate that there is no further work that can be done in this area. However, at recent 

professional gatherings, e.g., the International Conference on Structural Safety and 

Reliability in November of 1997 and the Structural Engineers World Congress in 

July of 1998, experts commented that it needs to be developed further to make it a 

viable nondestructive evaluation technique. 

2.2 System Identification Concept

The most basic SI approaches have three components: (1) the input loading or 

excitation, (2) the system, which can be represented by a series of equations or 
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represented in algorithmic form, e.g., in a finite element representation in terms of 

mass, stiffness and damping properties of each element, and (3) the output responses 

caused by the excitation, reflecting the current state of the structure. If the input and 

output responses are known, the system's dynamic parameters, e.g., the mass, stiffness 

and damping, can be identified.

Figure 2.1: System Identification Concept

Disturbance or noise cannot be avoided in any experimental investigation and needs 

to be considered. Figure 2.1 shows a schematic representation of the experimental SI 

concept. The classical system identification uses information on input excitation and 

output responses to identify the mathematical model of the system. The purpose of 

system identification is to obtain a description of the system and its dynamic properties 

under various environmental dynamic loadings such as earthquakes, wind, wave forces or 

any other natural unexpected events. This helps to assess the deteriorated and damaged 

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

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

Although this approach is very appealing, it has several limitations which reduces its 

practical application. The desirability and application potential of SI techniques to 
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identify real structures can be highly improved if an algorithm is available which can 

estimate structural parameters based on the response data alone without the use of input 

excitation information.

There are two major classifications of SI techniques: frequency domain and time 

domain. In Frequency Domain Approaches (FDA), modal properties are identified using 

measurements in the frequency domain. In these approaches, the structure is modeled in a 

global sense, and only a few lower modes of vibration are obtained. Therefore, it fails to 

evaluate the individual behavior of structural components. Furthermore, it has been 

observed that local damage is not always sensitive to changes in modal properties. A 

large number of structural members could be broken without the natural frequency of the 

structure changing by more than 2%. Also, changes in the natural frequency of this size 

were found by test in the absence of damage, (Natke and Yao, 1988). 

In the Time Domain Approaches (TDA), system parameters are estimated using 

response measurements sampled in time. TDA, unlike the FDA, can identify structural 

properties at the element level, helping to assess the damaged or undamaged state of the 

structure. FDA and TDA can be divided further in 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.

2.3 Frequency Domain System Identification Techniques

2.3.1  Previous Analytical Research

A summary of the literature pertaining to the various analytical methods for damage 

identification and health monitoring of structures based on changes in their measured 
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dynamic properties is presented in this section. The methods are categorized based on the 

the technique used to identify the damage.

Frequency change: The amount of literature related to damage detection using shifts 

in the natural frequencies is quite large. Only a few studies will be mentioned in this 

section. The observation that changes in structural properties cause changes in vibration 

frequencies was the impetus for using modal methods for damage identification and 

health monitoring. 

It should be noted that frequency shifts have significant practical limitations for 

applications to the type of structure commonly considered in system identification, 

although ongoing and future work may help resolve these difficulties. The somewhat low 

sensitivity of frequency shifts to damage requires either very precise measurements or 

large levels of damage. Tests conducted on the I-40 Bridge by Farrar (1994) 

demonstrated this point. Currently, using frequency shifts to detect damage appears to be 

more practical in applications where such shifts can be measured very precisely in a 

controlled environment, such as for quality control in manufacturing. Also because modal 

frequencies are global properties of the structure, the shifts in frequencies can only be 

used to establish the presence of defects. In other words, frequencies generally cannot 

provide spatial information about structural changes.

As mentioned before, numerous research investigations were conducted in this area.

Some of them are mentioned next. Osegueda, DSouza, and Quiang (1992) reported on a 

project that examines changes in the dynamic properties of a scaled offshore platform. 

Resonant frequencies were found to decrease with damage, and this decrease was of an 
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aorder of magnitude greater than the standard deviation of the measurement. The authors 

noted that in order to track the changes in resonant frequencies properly, the mode shape 

associated with these frequencies must be identified. Slater and Shelley (1993) developed 

a method for using frequency shift measurements to detect damage in a smart structure. 

They described the theory of modal filters used to track the frequency changes over time. 

They also described how the system deals with sensor failures or sensor calibration drift 

over time. Friswell, Penney and Wilson (1994) presented the results of an attempt to 

identify damage based on a known catalog of likely damage scenarios. The authors 

presumed that the prior model of the structure was highly accurate. Using this model, 

they computed frequency shifts of the first n modes for both the undamaged structure and 

all the considered types of damage. Meneghetti and Maggoire (1994) derive a sensitivity 

formulation for locating a crack in a beam from frequency shifts. Using analytical results, 

the local stiffness change required to produce a given frequency shift was plotted as a 

function of crack position. Such a curve was plotted based on measured frequency shifts 

for several modes. The intersection of the curves was used as an indicator of the crack 

location. Man (1994) presented a detailed closed-from solution for the frequencies of a 

beam, containing a slot. They investigated how the minimum detectable crack size can be 

determined from the frequency shifts predicted by the model of the slotted beam. The 

authors concluded that the minimum slot size that could be detected using their technique 

was 10% of the depth of the beam. Silva and Gomes (1994), developed another method 

for solving the damage detection problem. The technique required an analytical model for 

the frequency shifts as a function of crack length and position. The algorithm searches 
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over a combination of crack location and length and selects the combination that 

minimizes the function.

The next type of damage identification technique using data in the frequency domain 

is identifying the changes in mode shapes.

Mode Shape Change: West, Suhoski and Geschwindner (1984) was the first to 

systematically use the mode shape information to locate structural damage without the 

use of a prior FEM. The author used the modal assurance criteria (MAC) to determine the 

level of correlation between modes from the test of an undamaged Space Shuttle Orbiter 

body flap and the modes from the test of the flap after it has been exposed to acoustic 

loading. The mode shapes are partitioned using various schemes, and the change in MAC 

across the different partitioning techniques is used to localize the structural damage.

Thereafter many other researchers applied this technique to their studies. Kim and 

Stubbs (1995) investigated the use of MAC and its variations in the location of structural 

damage. He used the Partial MAC (PMAC) to compare MAC values of coordinate 

subsets of the modal vectors. By using the Coordinate MAC (COMAC) and the PMAC in 

conjunction, he was able to isolate the damaged area of the structure. Mitchell (1998) 

found that changes in mode shapes were a more sensitive indicator of damage than 

changes in resonant frequencies for a shell structure. These changes are quantified in the 

MAC values comparing the damaged and undamaged mode shapes. Lam (1995) defined 

a mode shape normalized by the change in the natural frequency of another mode as a 

“damage signature”. The damage signature is a function of crack location but not of crack 

length. They analytically computed a set of possible signatures by considering all 
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possible damage states. The measured signatures were matched to a damage state by 

selecting which of the analytical signatures gave the best match to the measurements 

using the MAC. Salawu (1995); Salawu and Williams, (1994) were some of the other 

authors that worked in this research area.

Mode Shape Curvature/Strain Mode Shape Changes: An alternative to using mode 

shapes to obtain spatial information about vibration characteristics is to use mode shape 

derivatives, such as curvature. It is first noted that for beams, curvature and bending 

strain are directly related. The practical issues of measuring strain directly or computing 

it from displacements or accelerations have been studied by many researchers. Some of 

the most recent theoretical studies in this area were developed by Pandey, Biswas, and 

Samman (1991), Chance, Tomilson, and Worden (1994), Chen and Swamides (1994), 

Dong, Zhang, Feng, and Huang (1994), and Salawu and Williams (1994).

Dynamically Measured Flexibility Matrix Method. Another class of damage 

identification methods uses the dynamically measured flexibility matrix to estimate 

changes in the static behavior of the structure. Because the flexibility matrix (F) is 

defined as the inverse of the static stiffness matrix (K), the F matrix relates the applied 

static force and resulting structural displacement. Each column of the flexibility matrix 

represents the displacement pattern of the structure associated with a unit force applied at 

the associated dynamic degree of freedom (DOF). The damage is detected using 

flexibility matrices by comparing the flexibility matrix synthesized using the modes of 

the damaged structure to the flexibility matrix synthesized using the modes of the 

undamaged structure or the flexibility matrix from a FEM. Some of the most recent 
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theoretical studies in this area are developed by Pandey and Biswas (1994), Aktan, 

Chuntavan, and Aksel (1994), Zhang and Aktan (1995), and Bernal and Gunes (2004).

Stiffness Error Matrix Method. This method is based on the computation of an error 

matrix that is a function of the flexibility change in the structure and the undamaged 

stiffness matrix. Some of the most recent theoretical studies in this area are developed by 

Gysin (1986).

Matrix Update and Optimal Matrix Update Methods. Another class of damage 

identification methods is based on the modification of the structural model matrices such 

as mass, stiffness, and damping to reproduce as closely as possible the measured static or 

dynamic responses from the data. These methods solve for the updated matrices by using 

a constrained optimization problem based on the structural equations of motion, the 

nominal model, and the measured data. Comparisons of the updated matrices to the 

original correlated matrices provide an indication of damage and can be used to quantify 

the location and extent of the damage. Some of the most recent theoretical studies in this 

area are developed by Zimmerman, Kaouk, and Simmermacher (1995a, 1995b), Kaouk 

and Zimmerman (1994a, 1994b, 1994c, 1995a, 1995b), Zimmerman and Simmermacher 

(1994, 1995), Kim and Bartkowicz (1993), Lui (1995), and Yuen, Au, and Beck (2004).

2.3.2 Previous Experimental studies

The following experimental investigations were carried out to identify global 

damage using modal responses. Wei and De Roeck (2002) developed a damage 

identification scheme using the mode-based damage identification method by 

comparing experimental and theoretical data. A possible advantage of the algorithm is 
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that the modal forces can be directly extracted from any finite-element software and 

the mode shape expansion is involved in the damage identification scheme using a 

static recovery technique. Ibrahim and Mikulcik (1977) worked on the Random 

Decrement Method wherein time domain free responses were used to determine the 

number of modes excited, the natural frequencies, the damping factors, and the 

modal vectors in some way to identify the damage state of the structure. The under-

lying theory, computational procedures and requirements regarding the sampling rate were 

developed. The technique was also applied to a more complex generalized payload 

model previously tested using sine sweep method and analyzed by NASTRAN. Ventura 

and Adebat (1997) applied modal analysis of forced vibration techniques to aid in the 

assessment of modal properties and damage to a concrete-steel hybrid girder bridge.

Static load tests were conducted to determine primarily the service load behavior of the 

bridge. Vibration measurements and impact vibration measurements were conducted 

periodically. By this procedure it was possible to detect the level of damage that causes a 

significant shift in the natural frequencies. Beck and Bernal (2001); Caicedo, Dyke and 

Johnson (2001), worked on the field of Structural Health Monitoring (SHM). Their 

research was performed on a three-dimensional braced steel frame. The experiment was 

conducted at the University of British Columbia (UBC). This benchmark SHM project 

was organized under the auspices of the International Association for Structural Control-

American Society of Civil Engineers Structural Health Monitoring (IASC-ASCE-SHM) 

Task Group. The monitoring of damage was done by observing and comparing the mode

shapes for damaged and undamaged models for different type of “defects”.  Several studies 
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were recently reported (Johnson, Lam, Katafygiotis, and Beck (2004); Yuen, Au, and 

Beck (2004); Lam, Katafygiotis, and Mickleborough (2004); Caicedo, Dyke, and Johnson 

(2004); Bernal and Gunes (2004); Lus, Betti, Yu, and Angelis (2004); Barroso and 

Rodriguez (2004); Beck, and Yuen (2004)). But as mentioned above the location of 

damage cannot be assessed using this method. The monitoring of mode shapes 

approach was applied in these studies by the IASC-ASCE Task Group, but it was 

applied by subjectively using common sense in considering the history of the 

structure, prior knowledge on the potential locations of detects, and observations. 

Several studies were conducted in recent years applying the technique of mode shape 

curvature/strain mode shape changes by Stubbs, Kim, and Topole (1992), Stubbs, Kim 

and Stubbs (1995), Kondo and Hamamoto (1994), Nwosu, Swamidas, Guige, 

Olowokere (1995). Mayes (1995) and Pandey and Biswas (1994) applied the 

Dynamically Measured Flexibility Matrix Technique experimentally in identifying global 

damage in beams, and were able to successfully identify the damaged state of the 

structure. And finally the Matrix Update and Optimal Matrix Update Technique was 

experimentally implemented by Kaouk and Zimmerman (1994a, 1994b, 1994c, 1995a, 

1995b), Zimmerman and Simmermacher (1994, 1995), Kim and Bartkowicz (1993).

At Los Alamos Laboratories, Dr. Doebling was one of the leaders in using SI as an 

NDE technique. Doebling confirmed that modal approaches were generally less 

appropriate for detecting damage at the local level than time domain approaches. 

According to Dr. Doebling, the typical modal damage algorithm identifies defects at the 

structural level only; that is, it indicates whether the structure is defective in a global 
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sense without identifying the location of defects. Since defect assessment at the local 

element level is the major objective of this study, FDA will not be considered any further. 

As shown in Fig 2.2, the study will focus on TDA where input excitation information is 

not required to identify a structure. As mentioned earlier, the theoretical concept has 

already been verified. It is necessary at this stage to verify the method experimentally. 

Figure 2.2: Classifications of System Identification and Proposed Experimental 

Verification Study

In the next section the Time Domain System Identification Techniques will 

be addressed. One novel Time Domain System Identification Technique is the 
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subject of this research.

2.4 Time Domain System Identification Techniques

2.4.1 Previous Analytical Studies

Most of the research conducted in system identification without using excitation 

information has been theoretical in nature. As stated earlier, the Time Domain SI 

technique without input information is desirable to identify defects at the element level 

and is the subject of this study. An attempt has been made to effectively summarize the 

state-of-the-art in the area of SI without input excitation information and the deficiencies 

in the available methods. The objective is to develop a procedure so that the stiffness and 

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

information of input measurements. 

After an extensive survey, the following Time Domain System Identification 

Techniques have been identified where input excitation information is not required. They 

are:

(1) The Kalman Filter with Weighted Global Iteration (KF-WGI) technique with 

running load, by Hoshiya and Maryana (1987). In summary, this technique cannot 

identify structural stiffness and damping parameters. Toki (1989) also used KF-WGI 

method to identify the parameters of a shear-type building and input ground motion.  

However, it requires free vibration responses at all floors and only seismic loading was 

considered. 

(2) Stochastic Adaptive Technique, by Safak (1989a and 1989b). Similar to the KF-

WGI method, this technique cannot identify structural parameters at any level (global or 
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local). It estimates modal parameters of shear type buildings using ambient vibrations 

responses and has limited practical application. 

(3) Free Decay Curve Analysis by Ibrahim (1977), Smith (1984,1987), Toki (1989): 

It uses output measurements of free vibration to estimate the parameters of a structure.  

However, collecting the free vibration responses is a major problem. The identified accuracy 

depends on the initial time of the selected time history; the closer to the time when the input 

force becomes zero, the better the identified results are. 

(4) Stochastic Approach by Kozin (1983) and Lee and Chen (1988). Kozin attempted to 

estimate the parameters with the unknown input excitation of a white noise signal, but this 

approach needs improvement by using filters to represent the real situation.

(5) Random Decrement Method by Cole (1973), Ibrahim and Mikulcik (1977), Tsai, 

Yang, and Chen (1985), Tsai, Kung, and Yang (1988). It is based, as its name says, on the 

random decrement technique and is used to convert the random response to a random 

decrement free-decay signature, and it is able to identify global level stiffness, mass and 

damping. These properties are obtained from eigen values and eigen vectors. Higher order 

eigen values are difficult to extract which limits the applicability of this technique. Also, it 

identifies the structural properties at the global level.

(6) Statistical Model Updating Approach developed by Lam, Katafygiotis, and 

Mickleborough (2004). It is based on the Bayesian modal identification approach to 

establish stiffness reductions due to damage. The method does not require information 

about the input excitation. The basic concept is to identify a set of optimal model 

parameters based on maximizing the posterior probability density function (PDF). When 
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there is zero modeling error, the location and extent of damage were identified correctly. 

However, when modeling error exists, the model updating results are contaminated and 

some additional damages are identified when they did not exist. Selection of an 

appropriate class of models that minimize modeling error is critical for successful 

damage detection in this method. 

(7) Natural Excitation Technique and Eigensystem Realization Algorithm developed 

by Caicedo, Dyke, and Johnson (2004). This technique uses the natural excitation 

technique (NExT) to obtain free response data, then an eigen system realization algorithm 

(ERA) is used to obtain estimates of the natural frequencies and mode shapes of the 

system. A least-square optimization technique is used to determine the stiffness of the 

structure. The method was applied for both damaged and undamaged systems, and did 

not require information on the input excitation force. It is not sensitive to noise and to 

modeling errors, therefore it cannot detect damage significantly smaller than the 

modeling error.

(8) The Eigensystem Realization Algorithm is implemented in conjunction with the 

Kalman Filter Algorithm to identify the Markov parameters of the system by Lus, Betti, 

Yu, and Angelis (2004). The authors used it to realize the discrete time first-order system 

matrices. This initial state space model is refined by minimizing the output error between 

the measured and predicted responses using a nonlinear optimization approach based on 

the sequential quadratic programming technique. Then the physical parameters of the 

second order finite element model are retrieved from this state space model.  The damage 

is evaluated qualtively and quantitively by inspecting the variations in the physical 
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parameters of the reference and the damaged models. Some major disadvantages to this 

approach are that it requires input and output information data and the number of sensors 

affects the mapping of the damage on a structure.

(9) Hilbert-Huang Based Approach developed by Yang, Lei, Lin, and Huang (2004):

It is based on the empirical mode decomposition (EMD) method intended to extract 

damage spikes due to a sudden change of structural stiffness from the measured data. 

Then it makes use of the Hilbert transform to identify the natural frequency and damping 

ratio of the structure before and after the damage using only one measured record at one 

location. Some limitations are that if the damage spike is smaller than the level of noise,

it will not be able to detect the damage, and the precise locations of the damages in the 

structure cannot be identified.

(10) Wavelet Approach implemented by Hera, and Hou (2004): In this approach,

wavelets are used to analyze the simulated data, where the structural damage due to 

sudden breakage of structural elements and the time when it occurred can be detected by 

spikes in the wavelet details. Also, damaged regions can be determined by the spatial 

distribution pattern of the observed spikes. Again this technique will be unable to identify 

the damaged state of the structure if the damage spike is smaller than the level of noise.

All the above techniques are limited in some way or another. The method under 

development at the University of Arizona addresses some of these limitations. 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 
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applied to any structure that can be represented by finite elements, without any restrictions 

on input excitation and output responses. Furthermore, once element-level structural 

parameters are identified, the unknown excitation forces can also be identified by the 

proposed technique. This procedure was verified using computer generated theoretical 

response data. The method was successfully applied to identify shear-type buildings 

(Wang and Haldar, 1994 and 1997).  To increase the efficiency of the method proposed 

by Wang and Haldar, Ling and Haldar (2004) considered Rayleigh-type damping.  It was 

pointed out (Katkhuda, Martinez and Haldar, 2003; Katkhuda, Martinez and Haldar, 

2004a; Katkhuda, Martinez and Haldar, 2004b; Katkhuda and Haldar, 2004a; Katkhuda 

and Haldar, 2004b; Katkhuda and Haldar, 2004c; Katkhuda and Haldar, 2004d; Martinez 

and Haldar, 2004; Martinez and Haldar 2005) that the method was very accurate and 

robust in identifying structure properties. They successfully used noise-free and noise-

contaminated response information to identify structures. The theoretical concept behind 

the approach was given in detail by Katkhuda (2004). The proposed method is compared 

with other currently available SI techniques without input information in Table 2.1.
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Table 2.1. Comparison of the proposed method with other SI techniques with unknown 

input

Methods
Limitation 
on input

Limitation 
on output

Need modal 
Properties

Identification
    [K]         [C]          {f}

Element 
level

KF-WGI with 
running load

Yes No Yes No No Yes No

Stochastic 
Adaptive

No No Yes No No No No

Fee-Decay Curve 
Analysis 

Yes Yes No/Yes Yes Yes No/Yes No/Yes

Stochastic
Approach

Yes Yes No Yes Yes No No

Random
Decrement

Yes Yes Yes Yes Yes No No

Statistical Model 
Update 

Approach
No No Yes Yes No No No/Yes

Natural 
Excitation 
Approach

No NA Yes Yes No No No/Yes

Eigensystem 
Realization 
Algorithm 

Yes Yes Yes Yes No No Yes

Hilbert-
Huang Based 

Approach
No Yes Yes Yes Yes No No

Wavelet 
Approach

No No Yes Yes No No Yes

Proposed
Method

No No No Yes Yes Yes Yes

Note: [K] Stiffness Matrix; [C] Damping Matrix; {f} Force Vector.
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2.4.2. Previous Experimental Studies 

Research in the experimental field related to this study has not been widely done, 

since the concept is relatively new. Experimental investigations in areas somehow related 

to the one proposed here are briefly discussed next. Cole (1973), using the Random 

Decrement Method, studied the signatures of structures vibrating in a random environment 

using computer-generated and experimental response data. Statistical properties obtained 

indicate that the signatures are stable in the form and scale and hence, should have wide 

application in on-line failure detection and damping measurement. Zheng, Feng, and Pan, 

(1998) developed a system identification technique involving uncertainty. This method is 

a two-step algorithm for the worst case identification of a class of well-known model set 

with time domain experimental data. By using the information consistency principle, the 

first step of the algorithm transforms the identification problem into a constrained convex 

programming problem. This problem is used to approach approximate systems in the 

uncertainty set to obtain the identified nominal model. Sainsbury and Ho (2001) 

developed a procedure based on the Fourier transform. Their method can be applied to

identify experimentally the parameters of lightly damped nonlinear systems, as 

represented by the Duffing equation. It requires only a single free vibration test to 

determine the variation of the natural frequency with the decaying amplitude, and the 

identification procedure involves no approximation, as long as one can determine the 

system’s response accurately. Kamiya, Yasuda, and Ikeda (2002) developed a procedure 

similar to the one presented in this dissertation. Their technique is also classified as a

time domain technique. Two variations of the technique are used in the identification 
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process. The first method is based on the usual least square method. The second is based 

on a minimization method for a problem with constraints. But in this method, an iteration 

procedure is used, which requires initial values for the parameters. The results of the first 

method are used as the initial values

A theoretical and experimental study was undertaken to validate the use of a novel 

time-domain system identification (SI) method for detecting changes in stiffnesses of 

uniform cross section fixed-fixed and simply supported beams (Vo, 2003).  By 

quantifying the reduction of beam’s elemental stiffnesses, the location of damage can be 

detected.  The Iterative Least Squares (ILS-UI) algorithm, a novel time-domain SI 

algorithm developed at the University of Arizona for nondestructive evaluation of 

structures, is used for this purpose.  

The one research that is related completely to this study was performed by Vo

(2003). The author analytically and experimentally validated a novel time-domain 

system identification technique developed by Haldar and Wang (1997). This 

nondestructive evaluation technique was named Iterative Least Square with 

Unknown Input (ILS-UI). The verification of the procedure was applied to beam 

structures. Fixed ended beams and simple supported beams were specifically studied. 

In the analytical verification of the algorithm, structural responses in terms of 

displacements, velocity and acceleration (both noise-free and noise-included) were 

estimated using a finite element program. For the experimental verification, acceleration 

time histories and rotational displacement time histories were measured in the laboratory.  

The measured information was postprocessed. Velocity and displacements were obtained 
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by successively integrating the acceleration time histories. Based on the time domain 

information obtained the ILS-UI algorithm successfully predicted the fixed-ended and 

simply supported beam's stiffness. Comparisons of the beam's stiffness predicted by 

the ILS-UI algorithm with other conventional methods were performed, obtaining 

encouraging results (Vo, 2003).

2.5 Summary

Available frequency and time domain system identification techniques are identified 

in this chapter. Due to its many disadvantages, the frequency domain approach was 

disregarded.

To increase the implementation potential, a time domain approach which does not 

require input excitation information is considered. The theoretical concept behind the 

approach was given by Katkhuda (2004).

Among all of the above techniques identified here, the most promising is the 

proposed technique. The requirements, restrictions and limitations (input data) of the 

method are minimal. It provides accurate results even when the output responses are 

contaminated with noise. 

The proposed work presented here is completely original, does not follow the 

widely used procedure practiced by the profession, and it does not duplicate any other 

previous research.
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CHAPTER 3

THEORETICAL PROCEDURE

3.1. Introduction  

The nondestructive evaluation (NDE) procedure verified here is essentially a linear 

time domain system identification (SI) technique.  Structures are represented by finite 

elements.  The basic concept is based on the axiom that the extent of degradation will be 

reflected in the changes in recordable output responses, and in turn is dependent on the 

changes in the structural parameters at the element level in terms of local stiffness and 

damping characteristics.  Since the input excitation information is not available in most 

cases, the proposed NDE algorithm identifies a structure in the absence of such 

information.  Also, noise in the response information cannot be avoided.  The proposed 

approach is capable of identifying a structure with noise-laden output response 

information.  In this approach, structural responses in terms of acceleration, velocity and 

displacement time histories at each node point in the finite element representation must be 

available. The structural response time histories are expected to provide the necessary 

signature to identify defects in structures. 

3.2. Theoretical Model

As mentioned earlier, Katkhuda (2004) presented the theoretical concept behind the 

proposed method in detail. It is not necessary to discuss the method in detail here. But for 

the sake of completeness, the essential features of the proposed method are briefly 

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

system can be written in matrix forms as:

)(t(t)(t)(t) fxKxCxM =++ &&&   (3.1)

where M is the mass matrix, C is the damping matrix, and K is the stiffness 

matrix, ,(t)(t) x,x &&& and )(tx are vectors containing the dynamic responses in terms of 

acceleration, velocity and displacement at time t, respectively, and f(t) is the excitation 

force vector.  

As mentioned earlier, Wang and Haldar (1994) used viscous damping in their study. 

The total number of damping coefficients to be identified will be significantly reduced if

proportional damping is used in the dynamic model. The proportional damping is 

generally known as Raleigh damping. Since Raleigh damping is used (Cook, 1981) in 

this study, the damping matrix becomes

KMC βα +=      (3.2)

where α and β are the mass- proportional and stiffness-proportional damping coefficient, 

respectively.  Substituting Equation (3.2) into Equation (3.1) results in

)(t(t)(t)βα((t) fxKxK)MxM =+++ &&& (3.3)

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

vector f(t) is unknown.  The parameters to be identified are K and C.  Using proportional 

damping, the parameters to be identified are K and damping coefficients α, and β,

For the purpose of the SI with finite element method, Equation (3.1) can be 

reorganized as
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1N1LLN ××× = (t)(t) FPA  (3.4)

where A(t) is a matrix of size (N × L) composed of the system response vectors of 

velocity and displacement at each DDOF at time t, N is the total number of DDOFs at 

time t, L is the total number of unknown parameters, P is a vector of size (L × 1)

composed of the unknown system parameters to be identified, and F(t) is vector of size 

(N × 1) composed of input excitations and inertia forces at each DDOF at time t.  

The matrix F(t) in Equation (3.4) is defined as 

( ) ( ) ( ) 1.1.1. (t) ××× −= hNhNhN xMfF && (3.5)

where h is the total number of sample points, and N is the total number of dynamic 

degrees of freedom. The mass matrix M is assumed to be known. For conventional 

viscous damping case, parameters ci in C are directly identified, and the vector P in 

Equation (3-4) is

[ ] T
2121 c,,c,c,k,,k,k nene KK=P  (3.6)

where P in this case is a vector of (2ne x 1); ne is the total number of finite elements; and 

ki is a function of (EI/L)i for shear buildings and frame structures, E is the material 

Young's modulus, A is the cross-section area, L is the element length, and I is the moment 

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

Since proportional damping will be used to model frame structures, the vector P in 

Equation (3-4) should be defined as

[ ] T
2121 α,kβ,,kβ,kβ,k,,k,k nene KK=P (3.7)         
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Considering all sampled time point measurements, and using Equations (3.4) and 

(3.5), the matrix of structural responses A and the force vector F can be obtained. Then 

the proposed ILS-UI technique can be used to identify the unknown vector of structural 

parameters P shown in Equation (3.7). To start the iteration process, it is necessary to 

assume input forces first to be zero at all time points. It can be demonstrated that this 

assumption is necessary in order to get non-singular solution using the Least Square 

Procedure, without compromising the convergence or the accuracy of the proposed 

method. 

The procedure was verified extensively using computer generated response 

information. The method is conclusively verified here using experimental response data.

3.3 Summary

A brief theoretical description of the system identification procedure used in this 

study is presented in this chapter to identify the structural parameters at the local level. 

The structures are represented by finite elements. The most attractive feature of the 

procedure is that it does not require input excitation information for the identification 

purpose. Rayleigh-type damping is used to improve the efficiency of the algorithm and to 

reduce the total number of unknowns to be identified significantly. This procedure, as a 

byproduct, also identifies the unknown input excitation force.
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CHAPTER 4

TEST EQUIPMENT AND CONFIGURATION

4.1. Introduction  

The theoretical aspects of the novel linear system identification based nondestructive 

defect evaluation procedure were briefly discussed in the previous chapter. Katkhuda 

(2004) theoretically verified the method using computer generated noise-free and noise-

contaminated response information. It is now necessary to conclusively verify the method 

using response information obtained from experimental investigations. All issues related 

to the experiments including the experimental model, instrument configuration 

capabilities and limitations of the test instrumentation such as accelerometer, 

autocollimator, sinusoidal exciter, signal generator, etc, are discussed in this chapter.    

The verification of the ILS-UI algorithm using computer generated nodal responses 

has been developed by Katkhuda (2004). Katkhuda verified this technique using noise 

free and noise contaminated responses. Katkhuda successfully applied this technique in 

defect identification at the local element level and using limited output response 

measurements. The previous work may be acceptable for preliminary verification 

purposes.  However, it then becomes necessary to undertake more conclusive verification 

by measuring the actual responses of a structure representing in-service conditions.  

Laboratory experiments are required to validate the ILS-UI algorithm conclusively.  

This chapter discusses the instrument configuration used in the experiments.  

Capabilities and limitations of the test instrumentation such as accelerometer, 
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autocollimator, sinusoidal exciter, signal generator, etc, are given in detail.  It discusses 

different types of accelerometers, advantages, disadvantages, and the reasons why 

capacitive sensing accelerometers are used.

As mentioned earlier, acceleration responses of the test models at pre-selected 

locations are measured in this study. Thus, the types of accelerometers used to measure 

acceleration are of major concern. The subject needs further discussion. Many 

mechanical and structural systems built today have accelerometers installed in them to 

monitor structural response in order to predict the health of the system. In recent years, 

the design and development of micro machined integrated circuit accelerometers have 

made them more accurate, robust, compact, and reliable than many of their predecessors.  

In many cases, the accelerometer’s output analog signals are digitized by an A/D 

converter.  Digital signals are rarely used in its raw form; it is normally put through some 

sort of data post-processing either to filter out unwanted frequencies, to remove noise 

from the data, or to integrate numerically for velocity and displacement (Vo and Haldar, 

2003).   

A complete and detailed description of different types of accelerometers currently 

available representing the state-of-the-art in sensor technology, and the advantages and 

disadvantages of each type are discussed.  The study of errors in time domain post-

processing of outputs of accelerometers due to numerical integration, data filtering, and 

curve fitting are addressed in detail in the next chapter. 

4.2 Acceleration Time Histories
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Acceleration is measured by accelerometers as an important parameter for general-

purpose absolute motion measurements, and vibration and shock sensing. Accelerometers

are commercially available in a wide variety of ranges and types to meet diverse 

application requirements. They are manufactured to be small in size, light in weight, 

rugged, and robust to operate in harsh environments. They can be configured as active or

passive sensors. An active accelerometer (e.g., piezoelectric) gives an output without the 

need for an external power supply, while a passive accelerometer only changes its electric 

properties (e.g., capacitance) and requires an external electrical power. In applications, 

the choice of active or passive type accelerometer is important, since active sensors 

cannot measure static mode operations. For true static measurements, passive sensors 

must be used. In general, accelerometers are preferred over displacement and velocity 

sensors for the following reasons:

1. They have a wide frequency range from zero to very high values. Steady 

accelerations can easily be measured.

2. Acceleration is more frequently needed since destructive forces are often related 

to acceleration rather than to velocity or displacement.

3. Measurement of transients and shocks can readily be made, more easily than 

displacement or velocity sensing.

4. Displacement and velocity can be obtained by integration of acceleration by 

electronic circuitry. Integration is preferred over differentiation.
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4.3 Classification of Accelerometers

Accelerometers can be classified in a number of ways, such as deflection or null-

balance types, mechanical or electrical types, and dynamic or kinematic types. The most 

important and practical accelerometer classification is discussed below. It is focused on 

how they measure the acceleration time histories. 

4.3.1 Electromechanical Force-Balance (servo) Accelerometers

Electromechanical accelerometers, essentially servo or null-balance types, rely on 

the principle of feedback. In these instruments, acceleration-sensitive mass is kept very 

close to a neutral position or zero displacement point by sensing the displacement and 

feeding back this displacement. A proportional magnetic force is generated to oppose the 

motion of the mass displaced from the neutral, thus restoring neutral position — just as a 

mechanical spring in a conventional accelerometer would. The advantages of this 

approach are better linearity and elimination of hysteresis effects as compared to 

mechanical springs. Also, in some cases, electric damping can be provided, which is 

much less sensitive to temperature variations.

They are usually used for general-purpose motion measurements and monitoring 

low-frequency vibrations. They are specifically applied in measurements requiring better 

accuracy than achieved by those accelerometers based on mechanical springs as the 

force-to-displacement transducer.

4.3.2 Piezoelectric Accelerometers

Piezoelectric accelerometers are used widely for general-purpose acceleration, 

shock, and vibration measurements. They basically are motion transducers with large 
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output signals and comparatively small sizes. They are appropriate for measuring very 

high natural frequencies and are therefore suitable for high-frequency applications and 

shock measurements. These devices utilize a mass in direct contact with the piezoelectric 

component or crystal. When a varying motion is applied to the accelerometer, the crystal 

experiences a varying force excitation (F = ma), causing a proportional electric charge q 

to be developed across it. Two commonly used piezoelectric crystals are lead-zirconate 

titanate ceramic (PZT) and quartz. Both produce a large electric charge depending on 

their size. The ceramic type accelerometers are much more sensitive and smaller in size 

than their quartz counterparts. These accelerometers are useful for high frequency 

applications. Since piezoelectric accelerometers have comparatively low mechanical 

impedances, their effects on the motion of most structures is negligible. 

Piezoelectric accelerometers are available in a wide range of specifications and are 

offered by a large number of manufacturers. They are manufactured as small as 3 × 3 mm 

in dimensions with about 0.5 g in mass, including cables. They have excellent 

temperature ranges, and some of them are designed to survive the intensive radiation 

environment of nuclear reactors. However, piezoelectric accelerometers tend to have 

larger cross-axis sensitivity than other types: about 2% to 4%. These accelerometers can 

be mounted with threaded studs, cement or wax adhesives, or magnetic holders.

4.3.3 Piezoresistive Accelerometers

Piezoresistive accelerometers are essentially semiconductor strain gages with large 

gage factors. High gage factors are obtained because the material resistivity is dependent 

primarily on the stress, not only on dimensions. The increased sensitivity is critical in 
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vibration measurement because it allows the miniaturization of the accelerometer. Most 

piezoresistive accelerometers are based on the Wheatstone bridge concept. These 

instruments are useful for acquiring vibration information at low frequencies i.e. below 1 

Hz. Typical characteristics of piezoresistive accelerometers may be 100 mV output scale, 

0 to 750 Hz in frequency range, 2500 Hz in resonance frequency, 25 G in amplitude 

range, 2000 g in shock rating, 0 to 95°C in temperature range, with a total mass of about 

25 g.

4.3.4 Differential-Capacitance Accelerometers

Differential-capacitance accelerometers are based on the principle of change of 

capacitance in proportion to applied acceleration. Air-gap capacitors are composed by a 

pair of conductive capacitor plates placed symmetrically underneath on each side of a 

torsion upper plate. When external acceleration is applied, it causes capacitance changes 

in the two air-gap capacitors.  The integrated circuit then converts the capacitance 

charges into high output voltage; in many cases the output voltage is so high that 

additional amplification of the output is not required.  This eliminates the cost of 

additional signal conditioner/amplification and makes this accelerometer type very 

affordable.

The advantage of the variable capacitance accelerometer is that it can measure both 

steady state and dynamic accelerations.  It can operate in a large temperature range 

without using any compensation as the piezoresistive type must.  It also provides low 

noise, high sensitivity and very low cost compared to other accelerometer types.  
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4.3.5 Strain gage Accelerometers

Strain gage accelerometers are based on resistance properties of electrical 

conductors. If a conductor is stretched or compressed, its resistance is altered due to two 

reasons: dimensional changes and changes in the fundamental property of the material 

called piezoresistance. This indicates that the resistivity of the conductor depends on the 

mechanical strain applied onto it. In acceleration measurements, the resistance strain 

gages used are from different types, including bonded or unbonded metal-wire gages, 

bonded metal-foil gages, etc. Bonded and unbonded metal-wire gages find wider 

applications in accelerometers. These use strain wires as the spring element and as the 

motion transducer. They are useful for general-purpose motion and vibration 

measurements from low to medium frequencies. They are available in wide ranges and 

characteristics, typically ±5 G to ±200 G full scale, natural frequency 17 Hz to 800 Hz, 

10 V excitation voltage AC/DC, full-scale output ±20 mV to ±50 mV, resolution less 

than 0.1%, inaccuracy less than 1% full scale, and cross-axis sensitivity less than 2%. 

These instruments are small and lightweight, usually with a mass of less than 25 g. 

4.3.6 Seismic Accelerometers

These accelerometers make use of a seismic mass suspended by a spring or a lever 

inside a rigid frame. The frame carrying the seismic mass is connected firmly to the 

vibrating source whose characteristics are to be measured. As the system vibrates, the 

mass tends to remain fixed in its position so that the motion can be registered as a relative 

displacement between the mass and the frame. This displacement is sensed by an 

appropriate transducer and the output signal is processed further. Nevertheless, the 
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seismic mass does not remain absolutely steady; but for selected frequencies, it can 

satisfactorily act as a reference position. By proper selection of mass, spring, and damper 

combinations, the seismic instruments may be used for either acceleration or 

displacement measurements. In general, a large mass and soft spring are suitable for 

vibration and displacement measurements, while a relatively small mass and stiff spring 

are used in accelerometers.

A complete survey of currently available sensors to measure acceleration was given 

in detail in this chapter. As discussed, there are many types, many uses, and many 

classifications of the accelerometers. Capacitive sensing element accelerometers and

autocollimators are used to measure transverse and angular responses, respectively, of the 

structure.  Each accelerometer has a built-in voltage regulator and a DC power supply is 

used as necessary for low noise. Capacitive sensoring is a relatively new technology 

compared to piezoelectric and piezoresistive accelerometers.  It is widely accepted in 

modal/dynamic testing. The model used in this study provides the highest sensitivity and 

lowest noise compared to other types of accelerometers.  The accelerometers can be 

attached to the structure using adhesive or screws. By having a high output signal and 

signal conditioning devices built-in, additional signal conditioning devices are avoided.  

They are the best cost-effective sensors for this study, and they do not induce 

additional mass to the system. 

4.4 Instrument Configuration

The instruments necessary for a nondestructive evaluation of a structure 

consists of a typical personal computer installed with a Analog-to-Digital (A/D) data 
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acquisition board, physical sensors that measure the response directly from the model and 

an excitation device. In this particular case, accelerometers and autocollimators are used. 

A structure-loading device is required to excite the structure. The sensors collect its 

dynamic response time histories. 

After placement of the accelerometers, the frame is excited for a short time first 

by a harmonic loading.  Later, an impulse load is also used to excite the frame.  In 

the case of sinusoidal loading, a sinusoidal voltage waveform is fed to the exciter by 

means of a typical function generator. The voltage is converted into the mechanical 

force by the exciter and is applied to the structure. In both cases, the input loads did 

not cause any damage to the structure. A conceptual system block diagram for the 

instrument configuration is shown in Figure 4.1.
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The dynamic response of the frame is collected by a high-speed (50 kHz per 

channel) 8-channel (expandable to 256) data acquisition system with simultaneous 

sampling capability.  Differential analog outputs from the accelerometers are digitized 

and stored in the computer’s hard drive.  The data processing software contains the 

necessary routines required to post-process the accelerometer’s data such as curve fitting, 

integrating and filtering.   It is also used to implement the system evaluation routine.

All measurements are sampled simultaneously. Sophisticated measurements are

necessary to minimize the potential for error.  Instrument calibration procedure is critical 

for this study. All instrumentation used in the experiments went through calibrations 

traceable to the National Institute of Standards and Technology (NIST).   A sample 

accelerometer calibration sheet is shown in Fig 4.2   
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Figure 4.2. National Institute of Standards and Technology Calibration sheet from Silicon 

Design Model 2210-005 Capacitive Accelerometer. 
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In the following section, a detailed description of each device used in this study is 

discussed.

4.5 Test Equipment

A successful experiment depends upon using the right test equipment to measure the 

required data. Test equipment has limitations. Understanding these limitations and 

planning to use the equipment within its limited capabilities will increase the probability 

of a successful test.  The following section discusses the capabilities and limitations of 

each of the instrumentation used in the experiment.  

4.5.1 Accelerometers

Capacitive sensing accelerometers made by Silicon Designs, Inc., Model 2210-005, 

are used exclusively in the tests. This model contains a miniature, hermetically sealed 

micro-machined capacitive sense element, a custom integrated circuit amplifier, and 

differential output electronics. For applications requiring a bandwidth from zero to 200 

Hz, this model provides unity gain. 

This accelerometer can measure both static and dynamic accelerations with 

maximum amplitude of 5G’s.  Note that one-G is equal to 9.81 m/s2 (386.4 in/s2).  Each 

accelerometer weighs approximately 15 grams with cable.  The scale factor for 

converting the accelerometer’s voltage output to unit of acceleration is provided by the 

manufacturer’s calibration data, which is traceable to National Institute of Standards and 

Technologies (NIST).  The nominal scale factor for this model is 800 mV/G. The output 

scale factor is independent from the supply voltage (typical from +9 to +30 volts DC); 

this is credited to the on-board voltage regulator.  A 9V alkaline battery is recommended 
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to power the accelerometer, further minimizing noise generated by the voltage power 

supply.  This accelerometer model has a maximum scale factor accuracy of 2%; a 

maximum cross coupling error of 2%; and noise for this model is less than 0.5%. 

It operates producing two analog voltage outputs which vary with acceleration.  The 

sensitive axis is perpendicular to the bottom of the package, with positive acceleration 

defined as a force pushing on the bottom of the package. The signal outputs are fully 

differential about a common mode voltage of approximately 2.5 volts. The output scale 

factor is independent from the voltage supplied.  At zero acceleration, the output 

differential voltage is nominally 0 volts DC; at ±full scale acceleration the output 

differential voltage is ±4 volts DC, respectively. The capacitive Silicon Design 

Accelerometers used are shown in Fig 4.3.



68

Figure 4.3. Capacitive Accelerometers Silicon Designs Model 2210-005
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4.5.2 Autocollimator

This device is used to measure dynamic angular motion with an accuracy of within 5 

µrad.  Autocollimator model 431-XY made by United Detector Technology is used for 

the experiment.  The limitation of this model is its low operating bandwidth (60 Hz).  

This means that for motion of 60 Hz or higher, the measured amplitude is less than actual 

due to attenuation.  For the experiment, the angular motion at various node points are 

calibrated based on the highest forcing frequency of 54 Hz, which is below the 

autocollimator’s operating bandwidth; therefore, no attenuation in the amplitude is 

expected. In Fig 4.4 the Autocollimator model 431-XY made by United Detector 

Technology and its accessories are shown.
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Figure 4.4: Autocollimator Model 431-XY and data logger
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4.5.3 Signal or Function Generator

A Tektronix function generator model 501A 2MHz is used to generate the voltage 

waveform.  The waveform is then fed through a voltage amplifier to increase its intensity. 

The amplified signal is then sent to the sinusoidal exciter which converts the electrical 

signal into displacements to excite the structure.  A sinusoidal waveform is used in the 

experiments, with maximum amplitude of 5V DC. The waveform’s frequency can be 

altered to any discrete value up to 2MHz.  In the experiments, the approximate excitation 

frequency of 9.26 Hz is used to excite the test model. Tektronix 501A Function Generator 

is shown in Fig 4.5. A very useful accessory for the Function Generator is an 

Oscilloscope. The oscilloscope used in this research is a Tektronix Model 2215. It has the 

capacity of showing signals up to a frequency of 60 MHz. It is equipped with 2 individual 

channels. In Fig 4.6, the Tektronix 2215 Oscilloscope is shown.



72

Figure 4.5: Tektronix Model 501A, 2 MHz Function Generator

Figure 4.6: Tektronix Model 2215, 60 MHz Oscilloscopes
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4.5.4 Voltage Amplifier

A Power Assembly Model 25499 by Kepco Power Supply Company is used to 

amplify the harmonic signal coming from the signal or function generator. It is a Dual 

Channel BOP Power Assembly with a range of operation of 0 to ± 5Amps, and ± 22 

Volts Max. Some of its most important output characteristics are: it has a bandwidth of 

1.5 KHz; this is wide enough for all the test conducted in this study, it is not sensitive to 

small changes in temperature. This power supply has many advanced features, but will 

not be mentioned here since it will be used as a standard voltage amplifier. After 

amplifying the signal, the harmonic signal will be fed to the vibration exciter which will 

in turn excite the frame. In Fig 4.7, the Power Assembly Model 25499 by Kepco is 

shown.  
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Figure 4.7:  Power Assembly Model 25499
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4.5.5 Harmonic Exciter

Vibration Exciter Model 4808 made by Bruel & Kjaer is used in this study. Designed 

for long, trouble-free operation, the Vibration Exciter Type 4808 is a high-quality 

compact machine with a permanent magnetic field. It has a force rating of 112 newtons

enabling relatively heavy loads that can be used to excite a structure. The Model 4808 

will normally be driven by any standards Power Amplifier up to a maximum input 

current of 15amps RMS without existing cooling. The element that applied the load is 

supported by a robust rectilinear guidance system. This model is used mainly for 

vibration testing, mechanical impedance measurements, structural response testing 

among other. Some desirable features of the model are that its working frequency range 

is from 5 Hz to 10 KHz, ideal for this study and  it has a wide range in its capacity of 

applying force or displacement. In Fig. 4.8, Vibration Exciter Model 4808 made by Bruel 

and Kjaer is shown.
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Figure 4.8: Vibration Exciter Model 4808
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4.5.6 Impact Hammer

A standard rubber mallet is used at an impact hammer. It needs to be mentioned that 

exciting the frame using an impact hammer is not an ideal loading; it is a crude way to 

excite the structure. The main drawback of using this device is that we need to include 

the human factor of uncertainty in the exact point and direction of the load applied. 

4.6 Summary

In this chapter, the overall configuration of test instrumentation used in the 

experiments was given in detail.  As mentioned, capacitive sensing accelerometers and an 

autocollimator are used to measure transverse and angular responses, respectively of the 

structure. The capabilities and limitations of individual test equipment in terms of 

accuracy, noise, range and bandwidth of the capacitive sensing accelerometers and 

autocollimator, types of waveforms outputted from the function generator; maximum 

voltage and amps for the power supply, etc, are also discussed in detail.
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CHAPTER 5

POST PROCESSING OF EXPERIMENTAL DATA

5.1 Introduction

Several sources of contamination are expected in response information collected in 

any experimental investigation. They cannot be avoided (i.e. buried noise in the signal, 

bias present in the electronic devices used, errors developed by numerical integrations, 

etc).  Some of these errors and how to deal with them are addressed in this chapter.

5.2 Typical errors in acceleration time histories

The main sources of signal contamination present in any raw experimental 

acceleration signal measured are described below. These sources of errors are shown in 

Fig. 5.1.

5.2.1 DC Bias

This DC bias is a fixed offset amount. It can be easily removed, but if it is not 

removed prior to integration, there will be a gross error in velocity and displacement. 

Normalizing the raw data about its mean will remove most of this DC bias. 

5.2.2 Linear or Parabolic Slope

If there is presence of a slope in the time domain data, it can be removed with linear 

regression fitting techniques.  If a slope is not removed from the data, it will result in 

gross errors when the data is integrated.  For example, suppose the measured acceleration 

of a simply supported beam at mid-span has a slope embedded in its sinusoidal response.  

If this acceleration signal is to be integrated, the resulting velocity will have a parabolic 

shape; and the subsequent integration of the velocity signal results in a cubic polynomial 
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for the displacement.  The displacement at mid-span of the simple beam is a sine 

function, not a parabola or cubic polynomial.  

5.2.3 High frequencies and Noise

To remove noise from the raw data, a low-pass filter is normally used.  This process 

can be done together with the process to remove high frequency responses from the data. 

As a matter of fact, some times high frequency response is mistaken for noise, because 

they cannot be distinguished in the time domain data plot.  To detect the presence of high 

frequencies in the responses, the Fast Fourier Transform (FFT) algorithm is often used.  

The FFT transforms time domain data into frequency responses and unwanted high 

frequencies can be determined.  Once the frequencies are identified, we can use filtering 

techniques can be used to remove them.  Low-pass filters are used to remove high 

frequencies, and high-pass filters are used to remove low frequencies.  If only a particular 

range of frequency is of interest a band-pass filter can be used to remove all frequencies 

outside a desired frequency band.  
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Figure 5.1: Typical errors encountered in a raw acceleration response signal

5.3 Numerical Integration

As with digital computers, test equipment today is more sophisticated, has faster 

response time, is more precise and has larger data storage; this facilitates the development 

of advanced numerical techniques for processing high-speed time domain data.

Vo (2003), studied the effect of using several different numerical integration 

techniques applied to acceleration time histories in order to obtain velocity and 

displacement time histories. He concluded that even though the trapezoidal rule produces 

the largest integration error in both examples, he considered, the trapezoidal rule is still 

preferred to others numerical integration techniques because of its simplicity and 

efficiency in computing time.
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5.4 Filtering techniques

In its broadest sense, a filter can be defined as a signal processing system whose 

output signal, usually called the response, differs from the input signal, called the

excitation, such that the output signal has some prescribed properties. In more practical 

terms, an electric filter is a device designed to suppress, pass, or separate a group of 

signals from a mixture of signals according to the specifications in a particular

application. The application areas of filtering are manifold, for example to band-limit 

signals before sampling to reduce aliasing, to eliminate unwanted noise in 

communication systems, to resolve signals into their frequency components, to convert 

discrete-time signals into continuous-time signals, to demodulate signals, etc. Filters are 

generally classified into three broad classes: continuous-time, sampled data, and discrete-

time filters depending on the type of signal being processed by the filter. Therefore, the 

concept of signals is fundamental in the design of filters.

A signal is a function of one or more independent variables such as time, space, 

temperature, etc. that carries information. The independent variables of a signal can either 

be continuous or discrete. Assuming that the signal is a function of time, in the first case 

the signal is called continuous-time and in the second, discrete-time. A continuous-time 

signal is defined at every instant of time over a given interval, whereas a discrete-time 

signal is defined only at a discrete-time instance. Similarly, the values of a signal can also 

be classified in either continuous or discrete.

In real-world signals, often referred to as analog signals, both amplitude and time are 

continuous.



82

These types of signals cannot be processed by digital machines unless they have 

been converted into discrete-time signals. By contrast, a digital signal is characterized by 

discrete signal values, which are defined only at discrete points in time. Digital signal 

values are represented by a finite number of digits, which are usually binary coded. The 

relationship between a continuous-time signal and the corresponding discrete-time signal 

can be expressed in the following form:

Filters can be classified based on the input, output, and internal operating signals. A 

continuous data filter is used to process continuous-time or analog signals, whereas a 

digital filter processes digital signals. Continuous data filters are further divided into

passive or active filters, depending on the type of elements used in their implementation. 

Perhaps the earliest type of filters known in the engineering community are LC filters, 

which can be designed by using discrete components like inductors and capacitors, or 

crystal and mechanical filters that can be implemented using LC equivalent circuits. 

Since no external power is required to operate these filters, they are often referred to as 

passive filters. In contrast, active filters are based on active devices, primarily RC 

elements, and amplifiers. In a sampled data filter, on the other hand, the signal is sampled 

and processed at discrete instants of time. Depending on the type of signal processed by 

such a filter, one may distinguish between an analog sampled data filter and a digital 

filter. In an analog sampled data filter the sampled signal can principally take any value, 

where as in a digital filter the sampled signal is a digital signal, the definition of which 

was given earlier. Examples of analog sampled data filters are switched capacitor (SC) 
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filters and charge-transfer device (CTD) filters made of capacitors, switches, and 

operational amplifiers.

Filters are commonly classified according to the filter function they perform. The 

basic functions are: low-pass, high-pass, bandpass, and bandstop. If a filter passes 

frequencies from zero to its cutoff frequency Ωc and stops all frequencies higher than the 

cutoff frequencies, then this filter type is called an ideal lowpass filter. In contrast, an 

ideal high-pass filter stops all frequencies below its cutoff frequency and passes all 

frequencies above it. Frequencies extending from Ω1 to Ω2 are passed by an ideal 

bandpass filter, while all other frequencies are stopped. An ideal bandstop filter stops 

frequencies from Ω1 to Ω2 and passes all other frequencies. Figure 6.2 depicts the 

magnitude functions of the four basic ideal filter types.

Figure 5.2: The magnitude function of an ideal filter is 1 in the passband and 0 in the 
stopband as shown for (a) low-pass, (b) high-pass, (c) bandpass, and (d) stopband filters.

(a)

(c)

(b)

(d)
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So far the ideal filter characteristics having rectangular magnitude responses are 

discussed. These characteristics, however, are physically not realizable. As a 

consequence, the ideal response can only be approximated by some non ideal realizable 

system. Several classical approximation schemes have been developed, each of which 

satisfies a different criterion of optimization. This should be taken into account when 

comparing the performance of these filters characteristics.

Vo (2003), conducted a study comparing several common filtering approximations 

schemes as the Butterworth filter, Chebyshev Filters, Cauer Filters, and Bessel Filters. 

From this research, he concluded that the best type of filtering approximation for the 

removal of high and low frequencies from raw acceleration time histories is the 

Butterworth Filters. 

5.5 Postprocessed Data vs. Non Postprocessed structural response

To illustrate the importance of the postprocessing the experimentally obtained 

acceleration response data, several cases are shown in Fig. 5.3. In Fig 5.3a, problems 

associated with integrating a typical acceleration response data are presented without 

removing slope and offset errors. When they are removed properly prior the integration 

stage, the resulting velocity and displacement time histories are shown in Fig 5.3b. 
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(a)                                                                    (b)

Figure 5.3: (a) Estimation of velocity and displacement from acceleration time histories 

without removing slope and offset errors, (b) Estimation of Velocity and displacement 

from acceleration time histories removing slope and offset errors
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5.6 Summary

Several sources of contamination are expected in response information collected in 

any experimental investigation. Typical postprocessing techniques to mitigate and 

eliminate the errors caused by these sources of contamination were discussed. The DC 

Bias was mitigated by normalizing the response information about its mean. The slope 

induced in the response during the integration process was addressed by linear regression 

fitting techniques. Noise and unwanted frequencies were identified applying the FFT 

algorithm and filtering techniques were used to removed the unwanted frequencies. The 

whole process is absolutely required to obtain accurate and precise measurement from 

any experimental study. 
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CHAPTER 6

VALIDATION OF THE ALGORITHM - DEFECT-FREE STRUCTURES

6.1 Introduction

To validate the proposed system identification technique, a two-dimensional 

steel frame is tested. Details of this experimental model are discussed in this 

chapter.

Several types of experiment were conducted to validate the proposed 

nondestructive defect detection method. They can be categorized into two groups: 

preliminary tests and the dynamic verification tests.  

The preliminary tests were conducted to determine actual dynamic structural 

parameters, i.e., area and moment of inertia of the structural elements, and the amount 

of damping present in the system.   The dynamic verification tests are used to validate

the proposed algorithm conclusively.

6.2 Experimental Model

A two-dimensional frame was tested. It is a three-story, one-bay steel frame structure. 

It is designed according to the American Institute of Steel Construction's (AISC's) 

LRFD Manual design guidelines. The frame is then scaled down to 1/3-scale to fit the 

testing facility. The scaled frame is shown in Fig. 6.1
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Figure 6.1: Experimental model frame

The frame consists of nine members; six columns and three beams, as shown in Fig. 

6.2. Steel section of size S4x7.7 is used for all the beams and columns in order to 

minimize the effects of fabrication defects and differences in material properties.  

Assuming the bases are fixed; the frame can be represented by 18 dynamic degrees of 

freedom (DDOFs). Only 6 translational DDOFs are directly used for the experimental 
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investigation in this study. The locations of the sensors are shown in Fig. 6.3. These 

locations correspond to the six in-plane x-direction responses.

Figure 6.2: Schematic representation of the experimental model

Figure 6.3: Sensor location for acceleration measurements (in-plane x direction)
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The nominal mass values for all elements in the frame are estimated to be 11.2 kg/m. 

As mentioned in Chapter 3, the stiffness values k1 to k9 to be identified are in terms of 

(EI/L) where, E is the material Young's modulus, L is the element length, and I is the 

moment of inertia of the cross-section. The nominal values for the stiffness of the three 

beams k1, k2, and k3 are estimated to be 96.5 kN-m, and the nominal values for stiffness 

of the six columns k4 to k9 are estimated to be 242.2 kN-m.  In Fig 6.4 a fully restrained 

moment connection is shown.

Figure 6.4: Experimental frame moment connection
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6.3 Preliminary Tests

6.3.1 Estimation of Actual Cross Sectional Area

The nominal cross sectional area of the structural elements is available from the 

literature. To develop the theoretical dynamic model, the actual area needs to be 

established. A simple experiment is conducted for this purpose. A test specimen is 

submerged into a container filled with water.  By measuring the rise in the water level 

for a known height of the specimen, the displaced volume of it is calculated.  Since 

the length of the specimen is known, the actual area of the element can be estimated. 

The average cross sectional area for the tests specimens is estimated to be 14.14 cm2.  

This is less than 3% of the nominal value.  In all subsequent theoretical models, the 

cross sectional area is considered to be 14.14 cm2. 

6.3.2 Estimation of Actual Moment of Inertia of the Elements

Again, it may not be realistic to consider the nominal moment of inertia of the 

structural elements in the dynamic model.  In this study, a trial and error method is used 

to estimate it.  The defect-free frame discussed in Section 6.2 is considered.  The frame 

was excited by a sinusoidal load and the acceleration time was recorded at the top of the 

frame at node 2.  The measured acceleration time history at node 2 is shown in Fig. 6.5. 

The Fast Fourier Transform (FFT) of the time history is shown in Fig. 6.6. 
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Acceleration measurement at node 2
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Figure 6.5: Measured acceleration time history response at Node 1

Figure 6.6: Fast Fourier Transform for the experimental response at Node 1

The first two natural frequencies of the frame are estimated to be f1 = 9.76 Hz, f2 = 

34.12 Hz.  It can be seen from Fig. 6.6 that the higher-order frequencies are difficult to 
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estimate. Thus, the first two natural frequencies are considered to estimate the actual 

moment of inertia of all the structural elements.

First a theoretical finite element is developed with known area for all the elements.  

Then, the moment of inertia of all the elements are changed so that the first two 

experimental and theoretical frequencies match. The results of this trial and error exercise 

are started by assuming the initial moment of inertia to be the nominal moment of inertia.  

The corresponding first two natural frequencies are evaluated as shown in Table 6.1. The 

two frequencies do not match very well with the experimental frequencies.  To match the 

frequencies, the moments of inertia of all the members are reduced gradually.  The results 

are summarized in Table 6.1.

Table 6.1: Estimation of the actual moment of inertia used in the theoretical model

Experiment Theoretical moment of inertia reduced byMode
Frequency 0% 2% 3% 4% 5% 6% 7% 8%

1 9.762 9.794 9.786 9.778 9.770 9.762 9.758 9.751 9.731

2 34.121 34.460 34.375 37.306 37.287 34.256 34.014 33.891 33.741

3 - 58.414 58.013 57.789 57.341 56.138 55.438 50.139 49.789

The results indicate that when the nominal moment of inertia is reduced by 6%, the 

first two natural frequencies match reasonably well.  Since the nominal moment of inertia 

is 253.9 cm4, the actual moment of inertia is estimated to be 0.94 × 253.9 = 238.7 cm4. 

The actual moment of inertia is used in all theoretical calculations. 
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6.3.3 Mass Estimation

All the members are assumed to be uniform of cross section.  To estimate the 

weight of the member per unit length, they are weighed.  Since the beams and columns 

are of the same size, their weight is estimated to be 11.5 kg/m. 

6.3.4 Damping estimation using the logarithmic decrement method

Because of its simplicity and accuracy, the logarithmic decrement method is 

employed to determine damping in the frame. This method requires the frame’s free 

oscillatory response. The damping coefficient is estimated based on the rate of decay 

of the structure’s oscillatory response.  

The frame is excited by an impulse and acceleration time history at node 1 was 

recorded. For consistency, all data in the preliminary tests is sampled at 4000 Hz, 

which is the same sample rate used in the dynamic verification tests. The time history 

was postprocessed and integrated twice to obtain the displacement time history as 

shown in Fig 6.7. 
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Figure 6.7: Postprocessed impulse Response at Node 1

The logarithmic decrement method is used in estimating damping (Clough and 

Penzein, 1993) as:
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where,

δ is the logarithmic decrement 

x0 is the amplitude of first cycle considered

xn is the amplitude after n cycles have elapsed

ζ is the damping coefficient

n is the amplitude of first cycle considered

Thus, for small damping coefficient (ζ <0.05), the quantity ζ 21− in Equation 

(6.1) is considered to be 1. This reduces Equation (6.1) to:
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The amplitude of the first cycle x0 is estimated to 0.09 cm, and after 8 cycles, it 

reduces to 0.05 cm. Using Equation (6.3), the damping coefficient is calculated as 

1.201%.  This information is used to estimate the Rayleigh damping coefficients.  
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6.3.5 Estimation of Rayleigh damping coefficients

Since Rayleigh damping is used in the proposed method, both mass and stiffness 

proportional damping constants, α and β need to be derived based on the first and 

second natural frequencies (f1 and f2) of the test frame. A procedure suggested by 

Clough and Penzien, (1993) is used to estimate them.  Damping in the first natural 

frequency can be expressed as: 

22
1

1
1

ωβ
ω
αζ +=

(6.4)

Damping in the second natural frequency can be expressed as:
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2
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where ω1 = 2πf1 is the first natural  frequency (rad/s) and ω2 = 2πf2 is the second 

natural  frequency (rad/s).

The values of α andβ  can be evaluated by the solution of Equations (6.4) and (6.5) 

simultaneously, if the damping ratios ζ1 and ζ2 associated with the first two specific 

frequencies or modes ω1 andω2, are known. Equations (6.4) and (6.5) can be written in a 

matrix form as:










=






β
α

ωω1

ωω1

2

1
ξ
ξ

nn

mm

n

m (6.6) 



97

It is usually assumed that the same damping ratio applies to both control frequencies, 

i.e. ζ = ζ1 = ζ2. It is recommended that ω1 generally be taken as the fundamental 

frequency of the MDOF system and that ω2 be set among the higher frequencies of the 

modes that contribute significantly to the dynamic response. Clough and Penzien (1993) 

pointed out it is more efficient to use even number of modes or frequencies and 

recommended to use the first two undamped frequencies to calculate α andβ .

Using Equations (6.6), the Rayleigh damping constants α and β for the test frame 

are estimated. They are summarized in Table 6.2. 

Table 6.2: Rayleigh damping constants α and β for the experimental frame

In summary, using the log decrement technique, the equivalent modal damping is 

found to be ζ = 0.01201.  Assuming the damping in the first two modes is the same, the 

Rayleigh damping coefficients α and β are estimated to be 0.96337 and 7.3261E-05, 

respectively.

6.3.6 Rotational Displacement Time Histories

In this study, the structural response measurements required to verify the proposed 

time domain system identification technique are translational acceleration (in-plane 

acceleration x) and rotational displacement (in-plane rotation z). As mentioned earlier, 

acceleration time histories are collected and velocity and displacement time histories are 

ζ1 ζ2 f1 f2 α βExperimental
Frame 0.01201 0.01201 9.76 34.12 0.9634 7.33E-05
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obtained from acceleration time histories. In the case of rotational displacement time 

histories, differentiation is needed to obtain velocity and acceleration time histories.

Due to lack of funding for this research, intelligence and creative steps are used to 

generate information required to identify the test frame as discussed below.

6.3.6.1 Autocollimator Response

As mentioned earlier, an autocollimator is used to measure rotational displacement 

time histories. Only one autocollimator was available and only for a short period of time. 

In view of this situation, the strategy was to measure experimental rotational time 

histories at several locations in the test model and compare them to computer generated 

rotational time histories from the theoretical model for verification purposes. 

6.3.6.2 Verification of Experimental Rotation Response

The rotational displacement time histories recorded in the preliminary test are 

collected at 3 locations in the frame; at node 2, node 4, and node 6 as shown in Fig. 6.8

First the autocollimator was installed to measure the rotation at the top floor. The frame 

was then excited by an impulsive load applied at the top floor. Translational and 

rotational responses are collected.
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Figure 6.8: Locations at which rotational displacement time histories are collected

Then, the autocollimator was installed to measure the rotation at the second flood of 

the frame (point 2). And finally, it was installed to measure the rotation of point 3 in the 

frame. Once the rotational or angular displacement is collected, the data is postprocessed 

by the procedures discussed in Chapter 5. Unwanted errors embedded in the signal were 

removed.  The rotational time histories measured at three locations are plotted in Fig. 6.9.
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Experimental  Angular Response at different floors
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Figure 6.9: Experimental rotational displacement time histories collected from the frame 

Observing the measured angular displacement time histories, it can be seen that 

the angular responses at different points are linearly proportional to each other; i.e., 

both responses have the same phase and shape but different amplitudes. This 

proportionality is true for all six node points in the frame (Vo, 2003).  This suggests 

that one angular displacement response can be scaled from other angular response.  

The angular-to-angular response scaling ratio can be found by dividing the variance 

of one angular response to that of the other angular displacement response. 

Vo (2003) concluded that this proportionality is true for the responses at all 

DDOFs for any linear structure. Thus, translational-to-angular, translational-to-

translational, and angular-to-angular responses scaling ratios can be estimated. 
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Theoretically generated and experimentally obtained rotational responses at point 1 

are plotted in Fig. 6.10. 
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Figure 6.10: Comparison between experimental and theoretical angular response at node 

1

The two responses are virtually identical.  It can be concluded that the measured 

rotational time histories are similar to the theoretically generated time histories. 

Taking advantage of the proportionality property of the responses, angular time 

histories are generated based on translational time histories. Since translational responses 

of the frame are measured, rotational time histories are estimated using the translational-

to-angular response scaling ratios. 

Estimation of responses using scaling ratios is very useful to eliminate other 

experimental errors i.e. phase shifts. Phase shift errors are caused by the data latency due 

to the sampling rate of the Data Acquisition System (DAS).  These shift errors occur 
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because there is a time delay (data latency) in the sampling of two consecutive responses.  

The DAS used in the tests has a minimum latency of two micro-seconds.  For the 

experimental model in study a total latency or phase shift of twelve micro-seconds is 

expected. If the phase shift errors are not eliminated from the experimental responses, 

incorrect stiffness values predicted by the ILS-UI algorithm are obtained. Vo (2003) 

concluded that only a small phase shift between the measured experimental responses is 

needed for the algorithm to diverge. The proportionality feature of the transverse to 

transverse response is exploited here. As mentioned before, a reference transverse time 

history is used. The transverse reference time history is the x-translational response at 

node 2. All other transverse responses are corrected based on their proportionality

constant.

6.4 Dynamic Verification Tests

Preliminary tests were conducted to establish the dynamic parameters required to 

validate the proposed method. All the parameters are now available. It is now necessary 

to conduct verification tests on the defect-free frame to validate the proposed method.

First, the frame is excited by a harmonic load. The experimental setup for a 

harmonic excitation at node 6 is shown in Fig. 6.11. Experimental acceleration time 

histories of the frame are recorded at all DDOFs (in-plane displacement x) by the 

accelerometers. The data is postprocessed by the procedures mentioned in Chapter 5.

The postprocessed accelerations time histories are integrated successively to obtain 

velocity and displacement time histories, respectively. The experimental and 

theoretical in-plane responses are compared.  They are virtually identical. Theoretical 
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and experimental responses in the x-direction at node 1 are shown in Fig. 6.12. 

Figure 6.11: Harmonic excitation at node 6
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Figure 6.12: Comparison between theoretical and experimental responses
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As mentioned earlier, only horizontal acceleration time histories at six nodes were 

recorded. The acceleration time histories in the vertical direction (y axis) are found to be 

several orders smaller than in the horizontal direction.  For the structural identification 

purpose, they are not considered. As mentioned earlier, rotational time histories are also 

required. The rotational response time histories are generated based on a procedure 

discussed in the previous section.  

This procedure is based on the proportionality of the transverse to angular 

responses. The proportionality constant of each rotational DDOF in the frame with 

respect to a reference nodal response is estimated. The reference nodal response can be 

chosen arbitrarily. The node where the load is applied is chosen as the reference node 

(node 2). In Table 6.3, the proportionality constants for the entire frame are shown.

Table 6.3: Angular-to-transverse scaling ratios for the frame

Node
Scaling 
Ratio

1 -22.2639

2 -22.2938

3 -12.6311

4 -12.6352

5 -11.612

6 -11.611

After estimating all proportionality constants, the required rotational time history 

responses are generated based on the reference translational experimental response. 
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Using the recorded translational acceleration time histories at all six node points 

and the corresponding generated angular response time histories, the defect-free test 

frame is identified using the proposed method. 

6.4.1 Experimental Results for the Defect-Free Frame

The defect-free frame was excited by a harmonic load of f (t) = 0.0014 Sin(18.48t) 

kN at node 2. As discussed earlier, the horizontal response information at all the nodes 

was measured and the rotational information was theoretically generated. Identified 

stiffness values for all the nine elements are given in Table 6.4. For comparison purposes, 

the stiffnesses of all the beams and columns are expressed in term of (EI/L).  The 

identified stiffness parameters for all the elements using the experimental responses are 

shown in Table 6.4, Column 3. When experimental response information is used to 

identify the defect-free frame, the maximum error in the identification is found to be 

about 3.3%.  

Next, an impulsive load at node 2 was applied to identify the frame.  For this case, the 

identified stiffness parameters for all the members are shown in Table 6.5, Column 3. 

When experimental response information is used to identify the defect-free frame, the 

maximum error in identification is found to be about 5.8 %.

6.4.2 Theoretical Results for the Defect-Free Frame

The theoretical model described in section 6.3 is used. As in the experimental study, 

the frame is excited by a harmonic load of f(t) = 0.0014 Sin(18.48t) kN at node 2. 

Theoretical responses of the defect-free frame were evaluated using ANSYS (2001). 

Then using theoretical response information only, the frame was identified. The 
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identified stiffness values of all the elements are listed in Table 6.4, Column 4. 

Stiffnesses of all the elements are similar to what are expected. When theoretical 

response information is used to identify the frame, the maximum error in identification is 

found to be only 0.82%.  The error is smaller than the case when the responses used are 

measured experimentally to identify the frame.  This is expected.

Next, the theoretical model was excited by an impulsive load. The structural 

responses were evaluated at all DDOFs. Using only theoretical response information the 

stiffnesses for the frame were identified. For this case, the identified stiffness parameters 

for all the members are shown in Table 6.5. When theoretical response information is 

used to identify the frame, the maximum error in identification is found to be 2.6%.  The 

error is smaller than when experimental responses are used to identify the frame.  

Table 6.4: Stiffness identification for defect-free frame, harmonic excitation

Identified stiffness (EI/L) kN-m Identified error (%)
Nominal Defect-free Defect-freeElement

Value Experimental Theory Experimental Theory
(1) (2) (3) (4) (5) (6)

1 96.5 98.9 96.5 2.43 0.00

2 96.5 99.6 97.3 3.11 0.82

3 96.5 99.8 97.2 3.31 0.72

4 242.2 250.1 243.5 3.16 0.53

5 242.2 250.1 243.4 3.16 0.49

6 242.2 250.3 243.5 3.24 0.53

7 242.2 250.3 243.5 3.24 0.53

8 242.2 250.3 243.3 3.24 0.45

9 242.2 250.3 243.4 3.24 0.49
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Table 6.5: Stiffness identification for defect-free frame, impulse excitation

Identified stiffness (EI/L) kN-m Identified error (%)

Nominal Defect-free Defect-freeElement

Value Experimental Theory Experimental Theory
(1) (2) (3) (4) (5) (6)

1 96.5 101.8 98.1 5.21 1.63

2 96.5 102 98.5 5.39 2.03

3 96.5 102.1 98.4 5.48 1.93

4 242.2 257.1 247.8 5.80 2.26

5 242.2 256.5 247.6 5.58 2.18

6 242.2 256.8 248.1 5.69 2.38

7 242.2 255.9 247.3 5.35 2.06

8 242.2 254.5 248.8 4.83 2.65

9 242.2 253.9 248.2 4.61 2.42

The errors in the stiffness identification for the harmonic load case are relatively 

lower than the impulsive load case. The impulse was applied manually. Its theoretical 

representation may not have been ideal.  This modeling error may have caused the larger 

error in identification.  In any case, the maximum error in identification in both cases is 

smaller than other system identification methods available in the literature, even when 

they used theoretical responses and input excitation information (Wang and Haldar, 1995 

and 1997).

6.5 Summary

In this chapter, the procedures to estimate the actual properties of the structural 

element and Rayleigh damping coefficients are presented. Several preliminary 

experiments were conducted to estimate and define important characteristics of the 

model. Area, moment of inertia, natural frequencies, and Rayleigh damping coefficients 
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are estimated applying well-known experimental techniques. A theoretical model was 

constructed to represent the experimental frame. Theoretical and experimental model 

were excited first by harmonic load and then by an impulsive load.  Experimental 

structural response measurements were collected in terms of acceleration time histories.

The raw experimental data was postprocessed and integrated twice to obtain velocity and 

displacement time histories.  The rotational time histories were generated theoretically. 

Next, the elemental stiffnesses of the entire frame were estimated. The defect-free test 

frame was identified for both harmonic and impulsive loadings.  The proposed algorithm 

identified the frame in both cases.  The results clearly indicate that the proposed 

algorithm can identify the defect-free frame accurately.
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CHAPTER 7

DEFECT ASSESSMENT

7.1 Introduction

It was demonstrated in Chapter 6 that the algorithm can identify defect-free 

structures under various loading conditions using only experimental response 

information. However, the main purpose of developing this technique is to detect defects 

in structures. Several defects of various degrees of severity were introduced in the test 

frame. Response information was collected by conducting dynamic tests on them. The 

algorithm was then used to check if it could identify these defects. They are discussed in 

this chapter.

One severe type of defect will be the loss of a member in any structure. Other less 

severe types of defect could be numerous. There are many options to model defects or 

damages in structures, particularly in the finite element representation. In this study, the 

defects at the local level are introduced by cutting notches or reducing certain amount of 

area at a specific location on a member. Theses approaches are widely used by many 

researchers in recent years (Gupta, Bashin, Vaze, and Kushwoha (2001), Nagamine and 

Uchida (1996), Pamin and Borst (1998), Zhang, Li, and, Su (2002), Kam and Lee (1992), 

Boltezar, Strancar and Kuhelj (1998), Chondros (2001), Lee, Choi, and Cho (2004)). 

Different types of defect considered in this study are discussed next.
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7.2 Types of defects considered

To identify defects in the test model using the proposed algorithm, the following 

defective cases are considered. They are presented here in terms of their severity; the 

most severe case first, followed by other cases. In all cases, the identified stiffnesses are 

compared with the defect-free case presented in Chapter 6 to establish the nature or 

extent of the defects. The defects are discussed in the following order:

Case1: Removal of a structural element

Case 2: Multiple “cracks” type defect induced in a beam element

Case 3: Loss of area at a specific location in a beam element

Case 4: Individual “crack” type defect induced in a beam element

Case 5: Multiple defects induced at different locations in a structure

In this study, two defect identification detection criteria are used to establish 

defective states. They are:

Criterion 1: By considering the changes in the identified stiffnesses of elements with 

respect to the initial defect-free state. Stiffnesses of all the elements in a defective 

structure are expected to change, but the largest change may indicate the location of the

defective element. This will be denoted hereafter as C-1. For the ease of identification, 

the changes in the stiffnesses are normalized with respect to the largest change. 

Therefore, the ratio will vary from zero to one. A value of 1 will indicate the largest 

change in the identified stiffness. 

Criterion 2: By considering the increase or decrease of the stiffness of all the 

elements with respect to each other. If all the identified stiffnesses are increased, the 
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identified stiffness for the defective element is expected to decrease. This criterion will be 

denoted hereafter as C-2.

The defective element will be identified by satisfying at least one of the criteria.  

7.2.1 Case 1: Removal of an entire beam

(i) Experimental verification

The experimental model is identical to the defect-free model discussed in Chapter 6, 

except one of the members is removed. The cross sectional area and moment of inertia 

for the elements will remain the same as discussed in Sections 6.2.1 and 6.2.3, 

respectively. However, in this case, beam 3 as shown in Fig. 7.1, is removed.  The 

removal of the beam will alter the dynamic structural properties i.e., natural frequencies 

and damping of the frame.  To evaluate these properties, experiments discussed in 

Section 6.3 were conducted.  The first 2 natural frequencies of the frame are estimated to 

be f1 = 7.618 Hz, f2 = 27.811 Hz. The equivalent modal damping is estimated to be ξ = 

0.022.  Assuming the damping in the first two modes is the same, the Rayleigh damping 

coefficients α and β are estimated to be 1.6532 and 1.97E-04, respectively.
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Figure 7.1: Finite element model - defective case 1

The defective frame is first excited by a harmonic load of (t) = 0.0014 Sin(18.48t)

applied at the top of the frame (node 2).  The horizontal response information at all the 

nodes was measured and the rotational information was theoretically generated, as 

discussed earlier. The measured acceleration responses were post-processed and 

integrated successively to obtain velocity and displacement time histories.  The frame is 

then identified using the experimental response information only.  The results are 

summarized in Table 7.1, Column 3.  The results show that the stiffnesses of all the 

elements are similar to what were expected but the stiffness of element 3 is found to be 

very small, close to zero and negative, indicating the location of the defect. 

To establish the robustness of the method, the defective frame was next excited by 

an impulsive force applied at node 2. Similar experiments were conducted for the 
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7.2, Column 3. Again, the stiffnesses of all the elements are similar to what were 

expected but the stiffness of element 3 is found to be very small, close to zero and 

negative, indicating the location of the defect.

(ii) Theoretical verification

To validate the identification using experimental response information, a 

theoretical model of the defective frame was then developed. Following similar 

procedures discussed earlier for the defect-free case, the theoretical responses of the 

defective frame were evaluated using ANSYS. Then, using theoretical response 

information only, the frame was identified. The results are shown in Table 7.1, 

Column 4. As before, stiffnesses of all the elements are similar to what are expected.  

However, for element 3, the stiffness becomes very small, close to zero and negative,

indicating the nature and the location of the defect.

The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are

identified. The results are summarized in Table 7.2, Column 4. The results are similar 

to the harmonic load. 
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Table 7.1: Stiffness identification for defective frame – Defective case 1: element 3 

removed, harmonic excitation

Stiffness (EI/L) kN-m 
Defect free DefectiveElement

Theory Experimental Theory
(1) (2) (3) (4)

1 96.5 106.3 98.3

2 97.3 107 98.2

3 97.2 -0.8 -0.75
4 243.5 268.4 247.5

5 243.4 268.4 248.1

6 243.5 268.5 247.6

7 243.5 268.5 247.6

8 243.3 305.2 275.3

9 243.4 305.1 276.9

Table 7.2: Stiffness identification for defective frame – Defective case 1: element 3 

removed, impulse excitation

Stiffness (EI/L) kN-m 
Defect free DefectiveElement

Theory Experimental Theory
(1) (2) (3) (4)

1 98.1 111.6 104.8

2 98.5 111.9 105.3

3 98.4 -1 -0.7
4 247.8 286.5 265.8

5 247.6 286.4 265.9

6 248.1 282.5 265.3

7 247.3 282.5 265.8

8 248.8 315.9 265.3

9 248.2 315.9 265.4
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(iii) Conclusions

The experimental results clearly indicate that a beam (element 3) is missing from the 

frame.  The accuracy in the identification remains very similar for both harmonic and 

impulsive loadings, indicating the proposed method is robust.  The theoretical 

investigations also conclusively confirm the validity of the experimental identifications.  

Thus, it can be concluded that the proposed algorithm correctly identified the location of 

the defect in the frame for this case.   

Removing a member may not represent a realistic defective state of the frame. To 

consider other realistic defective states, the following five defective scenarios are 

considered.

7.2.2. Case 2. Multiple “cracks” simulation at several locations in a beam

In this defect scenario, four saw cut notches are introduced in beam 3 as shown 

schematically in Fig 7.2. The actual configurations are shown in Fig 7.3.  Their locations 

and detailed dimensions are schematically shown in Fig 7.4.  The notches start at the 

bottom flange and are spaced 30 cm center to center from node 5. The width and depth 

of the notches are 1.5 mm and 9.1 cm, respectively. 
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Figure 7.2 Schematic representation of defective case 2

Figure 7.3: Illustration of several “crack” type defects for defective case 2
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Figure 7.4 Detail of the crack locations and dimension for defective case 2
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(i) Experimental verification

Once again, the structure was first excited by a harmonic load of f(t) = 0.0014

Sin(18.48t) and acceleration time histories were measured at all nodes. They were post-

processed and velocity and displacement time histories were evaluated. The rotational 

time histories were theoretically generated. The identified stiffness values using 

experimental response information only are summarized in Table 7.3, Column 3. The 

stiffness of all the elements increased with respect to the defect-free structure, but the 

stiffness of element 3 increased by the smallest amount indicating the defect in it. In 

this case, the defect is identified using criterion C-1. 

The frame was then excited by an impulsive load applied at the top of the frame.  

Following the same procedures discussed earlier, the frame was identified and the results 

are summarized in Column 3, Table 7.4.  Again, the stiffness of all the elements 

increased with respect to the defect-free structure, but the stiffness of element 3 

increased by the smallest amount indicating the defect in it. The defect is identified 

using criterion C-1.

(ii) Theoretical verification

To validate the identification using experimental response information, a 

theoretical model of the defective frame was then developed. To model four defective 

elements, four additional elements with reduced cross sectional area and moment of 

inertia are introduced in beam 3. Each notch represents a 63.9% reduction in area over a 

length of 1.5 mm. The reduction in the area will cause a reduction in the moment of 

inertia. Due to the non-symmetrical nature of the notches, it is difficult to evaluate the 
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exact amount of reduction in the moment of inertia. An approximate method is used for 

this purpose. Using experimental response information, the first two frequencies of the 

frame were first evaluated. They are estimated to be f1 = 9.614 Hz and f2 = 30.315 Hz. 

For the known reduced value of the area, the moment of inertias for the four defective 

elements are reduced to match the first two natural frequencies of the frame, by trial and 

error.  When the moment of inertia is reduced by 78%, the first two natural frequencies

are found to be f1 = 9.557 Hz and f2 = 30.021 Hz. In the subsequent theoretical analyses, 

the area and the moment of inertia of the defective elements are considered to be 63.9% 

and 78% of the original values, respectively. 

As before, experimental response information is used to estimate the damping. For 

this case, the equivalent modal damping is estimated to be ξ = 0.01712.  Assuming the 

damping in the first two modes is the same, the Rayleigh damping coefficients α and β

are estimated to be 0.92641 and 8.052E-05, respectively.

The theoretical defective frame is then excited by applying a harmonic load of f(t) = 

0.0014 Sin(18.48t) at node 2. Following the similar procedure discussed for the 

previous cases, theoretical responses were evaluated using ANSYS. The identified 

stiffness values are listed in Column 4, Table 7.3. Stiffnesses of all the elements are 

similar to what are expected.  In this case, the stiffness of element 3 is reduced by the 

largest amount. This indicates that the defect is located in element 3, according to 

criterion C-1.  It is interesting to note that the stiffness of element 3 is reduced while 

the stiffness of all other elements increased. This also indicates that the defects are in 

element 3, according to criterion C-2.
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The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are

identified. The results are summarized in Table 7.4, Column 4. The results show that 

the stiffness of element 3 is reduced by the largest amount Again, this indicates that 

the defect is located in element 3 according to criterion C-1.

Table 7.3: Stiffness identification for defective frame – Case 2: Multiple “crack” type 

defects on beam element, harmonic excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-2 

1 96.5 104.5 98.05 8.29 1.61 0.81 Increase
2 97.3 105.4 97.56 8.32 0.27 0.81 Increase

3 97.2 99.8(1) 93.1(2) 2.67 -4.22 0.26 Decrease
4 243.5 265 247.52 8.83 1.65 0.86 Increase
5 243.4 263.7 247.01 8.34 1.48 0.81 Increase
6 243.5 260.6 244.6 7.02 0.45 0.68 Increase
7 243.5 268.5 248.5 10.27 2.05 1.00 Increase
8 243.3 261.2 246.9 7.36 1.48 0.72 Increase
9 243.4 263.4 248.4 8.22 2.05 0.80 Increase

(1) Element 3 is considered as one continuous element
(2) Element 3 is theoretically modeled by 9 finite elements
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Table 7.4: Stiffness identification for defective frame - Case 2: Multiple “crack” type 

defects on beam element, impulse excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 98.1 104.8 96.7 6.83 -1.43 0.67 0.31
2 98.5 105.6 96.9 7.21 -1.62 0.71 0.35

3 98.4 100.6(1) 93.8(2) 2.24 -4.67 0.22 1.00
4 247.8 265.5 247.5 7.14 -0.12 0.7 0.03
5 247.6 264.4 247.2 6.79 -0.16 0.67 0.03
6 248.1 265.6 245.9 7.05 -0.89 0.69 0.19
7 247.3 267.8 245.3 8.29 -0.81 0.81 0.17
8 248.8 264.5 250.5 6.31 0.68 0.62 0.15
9 248.2 273.5 252.4 10.19 1.69 1.00 0.36

(1) Element 3 is considered as one continuous element
(2) Element 3 is theoretically modeled by 9 finite elements

(iii) Conclusions

Judgment needs to be used in interpreting identified stiffness values using 

experimental and theoretical responses. To evaluate theoretical responses, element 3 is 

represented by 9 finite elements. However, for the identification purpose, it is represented 

by only one element.  In this case, the information on relative changes in the stiffness 

values needs to be used for the defect identification purpose.   

The experimental results clearly indicate that beam element 3 contains the defects. 

The accuracy in the identification remains very similar for both harmonic and impulsive 

loadings, indicating the proposed method is robust. The theoretical investigations also 

conclusively confirm the validity of the experimental identifications.  Thus, it can be 
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concluded that the proposed algorithm correctly identified the location of the defect in the 

frame for this case.   

7.2.3 Case 3. Reduction of cross sectional area at one location in a beam 

In this defective scenario, corrosion or area loss is simulated by reducing the cross 

sectional area of a specific region in beam 3. The area is removed using a vertical milling 

machine. In Fig. 7.5, a schematic representation and the location of such defective state 

are shown. Fig. 7.6 shows the details and dimensions of the area reduction. An 

illustration of this same defect is shown in Fig. 7.7. 

Figure 7.5: Schematic representation and location in the frame of the loss of area defect
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Figure 7.6: Details and dimensions of the simulated loss of area defect

Figure 7.7: Illustration of defective case 3
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Once again, the structure was first excited by a harmonic load of f(t) = 0.0014
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nodes. They were post-processed and velocity and displacement time histories were 

evaluated. The rotational time histories were theoretically generated. The identified 

stiffness values using experimental response information only are summarized in Table 

7.5, Column 3.  In this case, the stiffness of element 3 is reduced by the largest 

amount. This indicates that the defect is located in element 3, according to criterion C-

1. 

The frame was then excited by an impulsive load applied at the top of the frame.  

Following the same procedures discussed earlier, the frame was identified and the results 

are summarized in Column 3, Table 7.6.  The results show that the stiffness of element 

3 is reduced by the largest amount. This indicates that the defect is located in element 

3, according to criterion C-1.

 (ii) Theoretical verification

To validate the identification using experimental response information, a 

theoretical model of the defective frame was then developed. To model the defective 

element, one additional element with reduced cross sectional area and moment of inertia 

are introduced in beam 3. This defect represents a 45.6% reduction in area over a length 

of 5.08 cm. Due to this reduction in area, the moment of inertia of the beam is

theoretically reduced by 46.4%. 

As before, experimental response information is used to estimate the damping. For 

this case, the equivalent modal damping is estimated to be ξ = 0.01402.  Assuming the 

damping in the first two modes is the same, the Rayleigh damping coefficients α and β

are estimated to be 0.93732 and 7.913E-05, respectively. In Fig 7.8 the theoretical model 
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is shown.

Figure 7.8: Schematic presentation and location in the theoretical model of the loss of 

area defect

The theoretical defective frame is then excited by applying a harmonic load of f(t) = 

0.0014 Sin(18.48t) at node 2. Following the similar procedure discussed for the 

previous cases, theoretical responses were evaluated using ANSYS. The identified 

stiffness values are listed in Column 4, Table 7.5.

In this case, the stiffness of element 3 is reduced by the largest amount. This 

indicates that the defect is located in element 3, according to criterion C-1. The trend is 

similar to experimental observations and matches well with the experimental results. This 

also validates the experimental results.
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The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are 

identified. The results are summarized in Table 7.6, Column 4. In this case also, the 

stiffness of element 3 is reduced by the largest amount. This indicates that the defect is 

located in element 3, according to criterion C-1.  It is interesting to note that the 

stiffness of element 3 is reduced while the stiffness of all other elements increased. 

This also indicates that the defects are in element 3, according to criterion C-2.

Table 7.5: Stiffness identification for defective frame – Case 3: Area reduction or loss, 

harmonic excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 96.5 93.8 93.6 -2.80 -3.01 0.65 0.60
2 97.3 94.5 94.3 -2.88 -3.08 0.67 0.61

3 97.2 93.0(1) 92.3(2) -4.32 -5.04 1.00 1.00
4 243.5 237.3 237.3 -2.55 -2.55 0.59 0.51
5 243.4 237.45 236.8 -2.44 -2.71 0.57 0.54
6 243.5 237.3 235.8 -2.55 -3.16 0.59 0.63
7 243.5 237.12 236.5 -2.62 -2.87 0.61 0.57
8 243.3 237.19 237.5 -2.51 -2.38 0.58 0.47
9 243.4 237.2 237.1 -2.55 -2.59 0.59 0.51

(1) Element 3 is considered as one continuous element
(2) Element 3 is theoretically modeled by 3 finite elements
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Table 7.6: Stiffness identification for defective frame - Case 3: Area reduction or loss, 

impulse excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-2 

1 98.1 95.6 99.2 -2.55 1.12 0.33 Increase
2 98.5 95.8 99.4 -2.74 0.91 0.35 Increase

3 98.4 90.8(1) 91.5(2) -7.72 -7.01 1.00 Decrease
4 247.8 259.8 260.5 4.84 5.13 0.63 Increase
5 247.6 255.7 260.8 3.27 5.33 0.42 Increase
6 248.1 253.6 255.3 2.22 2.90 0.29 Increase
7 247.3 253.1 254.1 2.35 2.75 0.30 Increase
8 248.8 255 260.8 2.49 4.82 0.32 Increase
9 248.2 254.5 260.1 2.54 4.79 0.33 Increase

(1) Element 3 is considered as one continuous element
(2) Element 3 is theoretically modeled by 3 finite elements

(iii) Conclusions

Similar to case 1, judgment needs to be used in interpreting identified stiffness 

values using experimental and theoretical responses. To evaluate theoretical responses, 

element 3 is represented by 3 finite elements. However, for the identification purpose, it 

is represented by only one element.  In this case, the information on relative changes in 

the stiffness values needs to be used for the defect identification purpose.   

The experimental results clearly indicate that beam element 3 contains the defects. 

The accuracy in the identification remains very similar for harmonic loading. Although 

different defect detection criteria were used for interpreting the results for impulsive 

loading, still the defective element was clearly identified. This indicates the proposed 

method is robust. The theoretical investigations also conclusively confirm the validity of 
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the experimental identifications.  Thus, in can be concluded that the proposed algorithm 

correctly identified the location of the defect in the frame for this case.   

7.2.4. Case 4. Introduction of a “crack” type defect on beam element

In this defect scenario, a single saw cut notch is introduced to beam 3 as shown 

schematically in Fig 7.9. The detailed dimensions of the crack are shown in Fig 7.10. 

The actual crack in the beam is shown in Fig 7.11. The width and depth of the notches 

are 1.5 mm and 9.1 cm, respectively. The crack is machined at the bottom flange of the 

beam, located at 1.2m from node 5. 

Figure 7.9: Schematic representation of defective case 4 and location of the “crack” type 

defect
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Figure 7.10: Dimensions of the “crack” type defect

Figure 7.11: Illustration of defective case 4

(i) Experimental verification

Once again, the structure was first excited by a harmonic load of f(t) = 0.0014

Sin(18.48t) applied at node 2 and acceleration time histories were measured at all 

nodes. They were post-processed and velocity and displacement time histories were 

evaluated. The rotational time histories were theoretically generated. The identified 

stiffness values using experimental response information only are summarized in Table 
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7.7, Column 3.  In this case, the stiffness of element 3 is reduced by the largest 

amount. This indicates that the defect is located in element 3, according to criterion C-

1. 

The frame was then excited by an impulsive load applied at the top of the frame.  

Following the same procedures discussed earlier, the frame was identified and the results 

are summarized in Column 3, Table 7.8. Again, the stiffness of element 3 is reduced by 

the largest amount. This indicates that the defect is located in element 3, according to 

criterion C-1. 

(ii) Theoretical verification

To validate the identification using experimental response information, a 

theoretical model of the defective frame was then developed.  To model the defective 

element, an additional element with reduced cross sectional area and moment of inertia 

are introduced in beam 3. The notch is the same as the notch discussed for Case 2. Thus, 

the area and the moment of inertia of the defective element are considered to be 63.9% 

and 78% of the original values, respectively. 

As before, experimental response information is used to estimate the damping. For 

this case, the equivalent modal damping is estimated to be ξ = 0.01282.  Assuming the 

damping in the first two modes is the same, the Rayleigh damping coefficients α and β

are estimated to be 0.94230 and 7.798E-05, respectively.

The theoretical defective frame is then excited by applying a harmonic load of f(t) = 

0.0014 Sin(18.48t) at node 2. Following the similar procedure discussed for the 

previous cases, theoretical responses were evaluated using ANSYS. The identified 
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stiffness values are listed in Column 4, Table 7.7. Stiffnesses of all the elements are 

similar to what are expected.  The stiffness of element 3 is reduced by the largest 

amount. This indicates that the defect is located in element 3, according to criterion C-

1. 

The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are 

identified. The results are summarized in Table 7.8, Column 4.Again, the stiffness of 

element 3 is reduced by the largest amount. This indicates that the defect is located in 

element 3, according to criterion C-1. 

Table 7.7: Stiffness identification for defective frame – Case 4: individual “crack” type 

defect on beam element, harmonic excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 96.5 93.8 95.1 -2.80 -1.45 0.70 0.31
2 97.3 94.2 95.3 -3.19 -2.06 0.79 0.43

3 97.2 93.3(1) 92.6(2) -4.01 -4.73 1.00 1.00
4 243.5 236.9 239.5 -2.71 -1.64 0.68 0.35
5 243.4 236.6 238.6 -2.79 -1.97 0.70 0.42
6 243.5 236.8 239.4 -2.75 -1.68 0.69 0.36
7 243.5 236.79 239.1 -2.76 -1.81 0.69 0.38
8 243.3 236.7 239.23 -2.71 -1.67 0.68 0.35
9 243.4 236.52 239.1 -2.83 -1.77 0.70 0.37

(1) Element 3 is considered as one continuous element
(2) Element 3 is theoretically modeled by 3 finite elements
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Table 7.8: Stiffness identification for defective frame - Case 4: individual “crack” type 

defect on beam element, impulse excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 98.1 95.5 95.8 -2.65 -2.34 0.62 0.37
2 98.5 96.1 95.9 -2.44 -2.64 0.57 0.41

3 98.4 94.2(1) 92.1(2) -4.27 -6.40 1.00 1.00
4 247.8 241.3 250.3 -2.62 1.01 0.61 0.16
5 247.6 241.3 249.9 -2.54 0.93 0.60 0.15
6 248.1 241.5 245.6 -2.66 -1.01 0.62 0.16
7 247.3 241.5 246.1 -2.35 -0.49 0.55 0.08
8 248.8 242.3 250.6 -2.61 0.72 0.61 0.11
9 248.2 240.5 249.7 -3.10 0.60 0.73 0.09

(1) Element 3 is considered as one continuous element
(2) Element 3 is theoretically modeled by 3 finite elements

(iii) Conclusions

In this case, the defect considered is relatively small. Judgment needs to be used in 

interpreting identified stiffness values using experimental and theoretical responses.  To 

evaluate theoretical responses, element 3 is represented by 3 finite elements.  However, 

for the identification purpose, it is represented by only one element.  In this case, the 

information on relative changes in the stiffness values needs to be used for the defect 

identification purpose.   

The experimental results clearly indicate that beam element 3 contains the defects. 

The accuracy in the identification remains very similar for both harmonic and impulsive 

loadings, indicating the proposed method is robust.  The theoretical investigations also 

conclusively confirm the validity of the experimental identifications. Again, it is clearly 
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demonstrated that the proposed method can accurately identify relatively small defects 

at the local level. 

7.2.5 Case 5. Multiple defect simulation

In all defective cases discussed previously, only one element of the frame 

contains defects. Defects can be present in multiple elements. Different defects at 

different elements in the frame are introduced. The frame is excited by the same type 

of loads discussed earlier. Theoretical and experimental response information is 

evaluated and collected, respectively. The ILS-UI algorithm is used to identify and 

locate the defective elements. 

To improve and establish the robustness of the method, several defects were 

introduced in the frame. The defects are in different elements and at different 

locations. This defective case is basically a combination of defective case 2 and 

defective case 3 discussed earlier. A reduction in the cross sectional area is introduced 

in beam 2, and four notches were introduced in beam 3. The reduction in cross 

sectional area is discussed in Section 7.2.3. The introduction of the four notches at beam 

3 is discussed in Section 7.2.2. In Fig 7.12, defective case 5 is schematically illustrated.
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Figure 7.12: Schematic representation of the experimental frame for defective case 5
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applied at node 2 and acceleration time histories were measured at all nodes. They were 
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rotational time histories were theoretically generated. The identified stiffness values 

using experimental response information only are summarized in Table 7.9, Column 3.  

The stiffness of elements 3 and 2 are reduced by 6.28% and 4.62%, respectively, larger 

than all other elements. These results indicate that they contain the defects, according 
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The frame was then excited by an impulsive load applied at the top of the frame.  

Following the same procedures discussed earlier, the frame was identified and the results 

are summarized in Column 3, Table 7.10. Again, it can be seen that the stiffness of 

elements 3 and 2 are reduced by 7.22% and 5.38%, respectively, larger than all other 

elements. These results indicate that they contain the defects, according to criterion C-

1.

(ii) Theoretical verification

To validate the identification using experimental response information, a theoretical 

model of the defective frame was then developed. This defective case is basically a 

combination of defective case 2 and defective case 3. To model defect case 3, one 

additional element with reduced cross sectional area and moment of inertia are introduced 

in beam 2. To model defect case 2, four additional elements with reduced cross sectional 

area and moment of inertia are introduced in beam 3. The defects are discussed in detail 

in Section 7.2.2 and Section 7.2.3. As before, experimental response information is used 

to estimate the damping. For this case, the equivalent modal damping is estimated to be 

ξ = 0.01852.  Assuming the damping in the first two modes is the same, the Rayleigh 

damping coefficients α and β are estimated to be 0.92111 and 8.225E-05, respectively. In 

Fig 7.13, defective case 5 is schematically illustrated.
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Figure 7.13: Schematic representation of the FEM for defective case 5
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The theoretical defective frame is then excited by applying a harmonic load of f(t) = 

0.0014 Sin(18.48t) at node 2. Following the similar procedure discussed for the 

previous cases, theoretical responses were evaluated using ANSYS. The identified 

stiffness values are listed in Column 4, Table 7.9. The stiffness of elements 3 and 2 are 

reduced by 5.25% and 4.21%, respectively, larger than all other elements. These 

results indicate that they contain the defects, according to criterion C-1.

The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are

identified. The results are summarized in Table 7.10, Column 4. Again, the stiffness of 

elements 3 and 2 are reduced by 4.17% and 3.76%, respectively, larger than all other 

elements. These results indicate that they contain the defects, according to criterion C-

1.
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Table 7.9: Stiffness identification for defective frame – Case 5: Multiple defects on 

different beam elements, harmonic excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 96.5 94.5 94.5 -2.07 -2.07 0.33 0.40

2 97.3 92.8(1) 93.2(2) -4.62 -4.21 0.74 0.80

3 97.2 91.1(3) 92.1(4) -6.28 -5.25 1.00 1.00
4 243.5 239.7 239.5 -1.56 -1.64 0.25 0.31
5 243.4 238.2 239.1 -2.14 -1.77 0.34 0.34
6 243.5 237.5 239.8 -2.46 -1.52 0.39 0.29
7 243.5 242.9 240.1 -0.25 -1.40 0.04 0.27
8 243.3 237.9 239.5 -2.22 -1.56 0.35 0.30
9 243.4 247.8 239.1 1.81 -1.77 0.29 0.34

(1) Element 2 is considered as one continuous element
(2) Element 2 is theoretically modeled by 3 finite elements
(3) Element 3 is considered as one continuous element
(4) Element 3 is theoretically modeled by 9 finite elements
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Table 7.10: Stiffness identification for defective frame - Case 5: Multiple defects on 

different beam elements, impulse excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 98.1 94.8 96.3 -3.36 -1.83 0.47 0.44

2 98.5 93.2(1) 94.8(2) -5.38 -3.76 0.75 0.90

3 98.4 91.3(3) 94.3(4) -7.22 -4.17 1.00 1.00
4 247.8 240.5 243.4 -2.95 -1.78 0.41 0.43
5 247.6 239.1 243.6 -3.43 -1.62 0.48 0.39
6 248.1 239.9 243.8 -3.31 -1.73 0.46 0.42
7 247.3 243.4 243.1 -1.58 -1.70 0.22 0.41
8 248.8 240.4 243.8 -3.38 -2.01 0.47 0.48
9 248.2 244.3 242.4 -1.57 -2.34 0.22 0.56

(5) Element 2 is considered as one continuous element
(6) Element 2 is theoretically modeled by 3 finite elements
(7) Element 3 is considered as one continuous element
(8) Element 3 is theoretically modeled by 9 finite elements

In this case also, judgment needs to be used in interpreting identified stiffness values 

using experimental and theoretical responses.  To evaluate theoretical responses, element 

3 is represented by 9 finite elements and element 2 is represented by 3 elements.  

However, for the identification purpose, both elements are represented by only one 

element.  As before, the information on relative changes in the stiffness values needs to 

be used for the defect identification purpose.   

The experimental results clearly indicate that beam element 2 and 3 contain the 

defects. The accuracy in the identification remains very similar for both harmonic and 

impulsive loadings, indicating the proposed method is robust. Thus, it is clear that the 

algorithm is capable of detecting minor and relatively large amount of defects in 
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structural elements using experimental responses and when the excitation may come from 

multiple sources.  

7.3 Identification of localized defects - Mesh Refinement 1

There is no doubt that the generalized ILS-UI method can detect defective element. 

It would be more desirable and economical if defect spots can be identified within 

defective elements. For this purpose, defective elements are modeled by using additional 

finite elements. The number of finite elements to be used depends on the accuracy 

required for the detection; however, the cost of collecting additional responses will go up 

accordingly.

7.3.1 Defect-free Structure

To simulate a refinement of the mesh experimentally, an additional sensor is located 

at midspan on beam element 3. In Fig 7.14 the sensor location for refinement mesh 1 is 

shown.

Figure 7.14: Sensor location for acceleration measurements for refinement mesh 1 (in-

plane x direction)
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The dynamic properties of the frame have not changed. For identification purposes, 

elemental stiffness has been modified. By adding an additional sensor at mid-span of 

element 3, an additional element is created (element 4, in Fig 7.15). 

As mentioned earlier, the elemental stiffness k is a function of (EI/L) for frame 

structures, E is the material Young's modulus, L is the element length, and I is the 

moment of inertia of the cross-section. Therefore, the nominal EI/L values of the 

elements created requires to be updated. In this study, the stiffness of beams 1 and 2

remains unchanged, the stiffness of beam 3 and 4, are estimated to be 193.5 kN-m and 

the stiffness of columns 5 to 10 remain unchanged also. 

(i) Experimental verification

Once again, the structure was first excited by a harmonic load of f(t) = 0.0014

Sin(18.48t) applied at node 2 and acceleration time histories were measured at all 

nodes. They were post-processed and velocity and displacement time histories were 

evaluated. The rotational time histories were theoretically generated. The identified 

stiffness values using experimental response information only are summarized in Table 

7.11, Column 3. When experimental response information is used to identify the defect-

free frame, the maximum error in the identification is found to be about 3.6%.  

The frame was then excited by an impulsive load applied at the top of the frame.  

Following the same procedures discussed earlier, the frame was identified and the results 

are summarized in Column 3, Table 7.12. When experimental response information is 

used to identify the defect-free frame, the maximum error in identification is found to be 

about 6.01 %.
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(ii) Theoretical Verification

To validate the identification using experimental response information, a 

theoretical model of the defect-free frame was then developed. The theoretical FEM 

model is shown in Fig. 7.15. 

 

Figure 7.15: Finite element model – Mesh refinement 1
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information is used to identify the frame, the maximum error in identification is found to 

be only 1.58%.  The error is smaller than the case when the responses used are measured 

experimentally to identify the frame.  This is expected.

The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are

identified. The results are summarized in Table 7.12, Column 4. When theoretical 

response information is used to identify the frame, the maximum error in identification is 

found to be 3.16%.  The error is smaller than when experimental responses are used to 

identify the frame. 

Table 7.11: Stiffness identification for defect-free frame – Mesh refinement 1: Additional 

node at midspan of beam 3, harmonic excitation

Identified stiffness (EI/L) kN-m Identified error (%)
Nominal Defect free Defect freeElement

Value Experimental Theory Experimental Theory
(1) (2) (3) (4) (5) (6)

1 96.5 98.9 96 2.12 0.83

2 96.5 99.6 97.3 2.81 0.51

3 193.7 195.3 194.1 0.82 0.21

4 193.7 196.8 194.7 1.58 0.51

5 242.2 251.1 244.5 3.54 0.94

6 242.2 251.3 243.9 3.62 0.70

7 242.2 250.4 245.3 3.27 1.26

8 242.2 249.3 245.1 2.85 1.18

9 242.2 250.5 245.6 3.31 1.38

10 242.2 251.1 246.1 3.54 1.58
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Table 7.12: Stiffness identification for defect-free frame – Mesh refinement 1: Additional 

node at midspan of beam 3, impulse excitation

Identified stiffness (EI/L) kN-m Identified error (%)

Nominal Defect free Defect freeElement

Value Experimental Theory Experimental Theory
(1) (2) (3) (4) (5) (6)

1 96.5 100.1 97.8 3.30 1.02

2 96.5 99.8 97.6 3.01 0.82

3 193.7 197.4 195.3 1.87 0.82

4 193.7 198.2 195.4 2.27 0.87

5 242.2 254.3 250.1 4.76 3.16

6 242.2 257.7 248.9 6.01 2.69

7 242.2 253.2 245.6 4.34 1.38

8 242.2 250 245.1 3.12 1.18

9 242.2 252.5 244.8 4.08 1.06

10 242.2 254.8 244.5 4.95 0.94

Again, the errors in the stiffness identification for the harmonic load case are 

relatively lower than the impulsive load case. The impulse was applied manually. Its 

theoretical representation may not have been ideal.  This modeling error may have caused 

the larger error in identification.  In any case, the maximum error in identification in both 

cases is smaller than other system identification methods available in the literature, even 

when they used theoretical responses and input excitation information (Wang and Haldar, 

1995 and 1997).

As mentioned earlier, the main purpose of developing this technique is to detect 

defects in structures. Similar defects to the ones considered without refining the mesh are 

introduced in the frame. The algorithm is then used to check if it can identify these 
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defects more precisely.

7.3.2 Defective Cases

The identified stiffness shown in the previous section will be used in subsequent 

sections to locate defect more accurately. Now, in the next section, location of defects 

with greater precision will be addressed. The defective cases that will be considered are 

the following: 

Defective Case 2: Multiple “cracks” type defects in beam 

Defective Case 3: Reduction or loss of cross sectional area

Defective Case 4: Individual “crack” type defect in beam

These defective cases were already described in previous sections. Hereafter, the 

descriptions of the defects are given only in general terms. The procedure followed at this 

stage is similar to the one discussed earlier with the only difference is that an additional 

sensor is considered. The sensor is introduced at the mid-span in element 3. The 

additional sensor is shown in Fig 7.15. 

In the experimental study, the additional sensor implies that one additional 

acceleration time history is collected, postprocessed, and integrated twice to obtain 

velocity and displacement. Also, one additional rotational DDOF will be generated by the 

scale factor approach. This additional response is used with the experimental information.

For the theoretical study, three more DDOFs are considered (1 x-translational direction, 1

y-translational direction and 1 θ-rotational direction) corresponding to the additional 

node.

The identified stiffnesses for the frame elements will be presented only. 



146

7.3.2.1 Defective Case 2: Multiple “cracks” type defect on beam element 4

In this defect scenario, four saw cut notches are introduced in beam 4. A schematic 

representation of the notches and their location is shown in Fig 7.16. The notches start at 

the bottom flange and are spaced 30 cm center to center from node 5. The width and 

depth of the notches are 1.5 mm and 9.1 cm, respectively. Details of this defective case 

were discussed in Section 7.2.2. 

Figure 7.16: Schematic representation – Mesh refinement 1, Defective case 2

(i) Experimental Verification

Once again, the structure was first excited by a harmonic load and acceleration 

time histories were measured at all nodes. A similar data postprocessing procedure 
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Column 3, are the identified stiffness values of all the elements. The results show that 

the stiffness of element 4 is reduced by the largest amount. Again, this indicates that 

the defect is located in element 4 according to criterion C-1.

The frame was then excited by an impulsive load applied at the top of the frame.  

Following the same procedures discussed earlier, the frame was identified and the results 

are summarized in Column 3, Table 7.14. In this case, the stiffness of element 4 is 

reduced by the largest amount. This indicates that the defect is located in element 4, 

according to criterion C-1.  It is interesting to note that the stiffness of element 3 is 

reduced while the stiffness of all other elements increased. This also indicates that the 

defects are in element 4, according to criterion C-2.

(ii) Theoretical Verification

To validate the identification using experimental response information, a 

theoretical model of the defective frame was then developed. The dynamic properties of 

the defective model and details of the defect induced are discussed in details in Section 

7.2.2. The theoretical defective frame is then excited by applying a harmonic load of f(t) 

= 0.0014 Sin(18.48t) at node 2. Following the similar procedure discussed for the 

previous cases, theoretical responses were evaluated using ANSYS. The identified 

stiffness values are listed in Column 4, Table 7.13. The results show that the stiffness 

of element 4 is reduced by the largest amount. Again, this indicates that the defect is 

located in element 4 according to criterion C-1.

The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are
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identified. The results are summarized in Table 7.14, Column 4. In this case, the 

stiffness of element 4 is reduced while the stiffness of all other elements increased. 

This indicates that the defects are in element 4, according to criterion C-2.

Table 7.13: Stiffness identification for defective frame – Mesh refinement 1: Case 2, 

harmonic excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 96 93.15 94.8 -3.06 -1.27 0.26 0.22
2 97.3 92.3 94.7 -5.42 -2.75 0.47 0.48
3 194.1 185.3 190.1 -4.75 -2.10 0.41 0.37

4 194.7 174.4(1) 184.1(2) -11.64 -5.76 1.00 1.00
5 244.5 238.3 238.6 -2.60 -2.47 0.22 0.43
6 243.9 237.1 237.9 -2.87 -2.52 0.25 0.44
7 245.3 236.5 239.1 -3.72 -2.59 0.32 0.45
8 245.1 236.9 238.9 -3.46 -2.60 0.30 0.45
9 245.6 235.2 239.3 -4.42 -2.63 0.38 0.46
10 246.1 236.7 240.1 -3.97 -2.50 0.34 0.43

(1) Element 4 is considered as one continuous element
(2) Element 4 is theoretically modeled by 9 finite elements
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Table 7.14: Stiffness identification for defective frame – Mesh refinement 1: Case 2, 

impulse excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-2 (8) C-2 

1 98.2 102.3 99.5 4.01 1.31 Increase Increase

2 98.3 103.5 99.1 5.02 0.81 Increase Increase

3 196.4 206.3 198.3 4.80 0.96 Increase Increase

4 196.3 170.5(1) 193.1(2) -15.13 -1.66 Decrease Decrease

5 251.3 270.2 256.5 6.99 2.03 Increase Increase

6 249.3 269.6 256.3 7.53 2.73 Increase Increase

7 246.5 268.1 253.1 8.06 2.61 Increase Increase

8 245.3 267.3 252.8 8.23 2.97 Increase Increase

9 245.1 267.8 247.6 8.48 1.01 Increase Increase

10 244.8 269.1 247.8 9.03 1.21 Increase Increase

(1) Element 4 is considered as one continuous element
(2) Element 4 is theoretically modeled by 9 finite elements

(iii) Conclusion

Judgment needs to be used in interpreting identified stiffness values using 

experimental and theoretical responses.  As before, the information on relative changes in 

the stiffness values needs to be used for the defect identification purpose.   

The experimental results clearly indicate that beam element 4 contains the defects. It

is clear that the algorithm is capable of detecting relatively large amount of defects in 

structural elements using experimental and theoretical responses and when the excitation 

may come from multiple sources.  
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7.3.2.2 Defective Case 3: Reduction or loss of cross sectional area on beam element 4

In this defective scenario, corrosion or area loss is simulated by reducing the cross 

sectional area of a specific region in beam 4. The area is removed using a vertical milling 

machine. In Fig. 7.17, a schematic representation and the location of such defective state 

are shown. Details of this defective case were discussed in Section 7.2.3.

Figure 7.17: Schematic representation – Mesh refinement 1, Defective case 3

(i) Experimental Verification

Once again, the structure was first excited by a harmonic load of f(t) = 0.0014

Sin(18.48t) applied at node 2 and acceleration time histories were measured at all 

nodes. They were post-processed and velocity and displacement time histories were 

evaluated. The rotational time histories were theoretically generated. The identified 

stiffness values using experimental response information only are summarized in Table 

7.15, Column 3.  The results show that the stiffness of element 4 is increased by the 
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largest amount. Again, this indicates that the defect is located in element 4 according 

to criterion C-1.

The frame was then excited by an impulsive load applied at the top of the frame.  

Following the same procedures discussed earlier, the frame was identified and the results 

are summarized in Column 3, Table 7.16. In this case, the stiffness of element 4 is 

reduced while the stiffness of all other elements increased. This indicates that the 

defect is in element 4, according to criterion C-2.

(ii) Theoretical Verification

To validate the identification using experimental response information, a 

theoretical model of the defective frame was then developed. The dynamic properties of 

the defective model and details of the defect induced are discussed in details in Section 

7.2.3. The theoretical defective frame is then excited by applying a harmonic load of f(t) 

= 0.0014 Sin(18.48t) at node 2. Following the similar procedure discussed for the 

previous cases, theoretical responses were evaluated using ANSYS. The identified 

stiffness values are listed in Column 4, Table 7.15. The results show that the stiffness 

of element 4 is increased by the largest amount. Again, this indicates that the defect is 

located in element 4 according to criterion C-1.

The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are 

identified. The results are summarized in Table 7.16, Column 4. Again, the stiffness of 

element 4 is reduced while the stiffness of all other elements increased. This indicates 

that the defect is in element 4, according to criterion C-2.
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Table 7.15: Stiffness identification for defective frame – Mesh refinement 1: Case 3, 

harmonic excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 96 100.2 93.2 4.19 -3.00 0.38 0.27
2 97.3 99.86 94.2 2.56 -3.29 0.24 0.30
3 194.1 202.3 188.6 4.05 -2.92 0.37 0.26

4 194.7 218.5(1) 175.2(2) 10.89 -11.13 1.00 1.00
5 244.5 258.4 237.5 5.38 -2.95 0.49 0.26
6 243.9 257.8 237.9 5.39 -2.52 0.50 0.23
7 245.3 256.9 237.5 4.52 -3.28 0.41 0.30
8 245.1 256.6 237.1 4.48 -3.37 0.41 0.30
9 245.6 255.8 238.2 3.99 -3.11 0.37 0.28
10 246.1 255.3 238.1 3.60 -3.36 0.33 0.30

(1) Element 4 is considered as one continuous element
(2) Element 4 is theoretically modeled by 3 finite elements



153

Table 7.16: Stiffness identification for defective frame – Mesh refinement 1: Case 3, 

impulse excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-2 (8) C-2 

1 98.2 102.7 99.5 4.38 1.31 Increase Increase
2 98.3 101.8 99.3 3.44 1.01 Increase Increase
3 196.4 210.8 202.4 6.83 2.96 Increase Increase

4 196.3 192.5(1) 192.3(2) -1.97 -2.08 Decrease Decrease
5 251.3 272.4 262.1 7.75 4.12 Increase Increase
6 249.3 273.1 261.8 8.71 4.77 Increase Increase
7 246.5 265.7 257.1 7.23 4.12 Increase Increase
8 245.3 265.9 256.8 7.75 4.48 Increase Increase
9 245.1 269.1 259.1 8.92 5.40 Increase Increase
10 244.8 268.9 259.3 8.96 5.59 Increase Increase

(1) Element 4 is considered as one continuous element
(2) Element 4 is theoretically modeled by 3 finite elements

Judgment needs to be used in interpreting identified stiffness values using 

experimental and theoretical responses.  As before, the information on relative changes in 

the stiffness values needs to be used for the defect identification purpose. When the frame 

was excited by a harmonic loading, the absolute change in stiffness is used to identify the 

defective element, according to C-1. When the frame was excited by an impulsive 

loading, the stiffness of element 4 is reduced while the stiffness of all other elements

increased. This also indicates that the defect is in element 4, according to criterion C-2.

The experimental results clearly indicate that beam element 4 contains the defects. It

is clear that the algorithm is capable of detecting relatively large amount of defects in 
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structural elements using experimental and theoretical responses and when the excitation 

may come from multiple sources.  

7.3.2.3 Defective Case 4: Individual “crack” type defect on beam element 4

In this defect scenario, a single saw cut notch is introduced to beam 4 as shown 

schematically in Fig 7.18.  The width and depth of the notches are 1.5 mm and 9.1 cm, 

respectively. The crack is machined at the bottom flange of the beam, located at 1.2m 

from node 5. Details of this defective case were discussed in Section 7.2.4. 

 

Figure 7.18: Schematic representation – Mesh refinement 1, Defective case 4

(i) Experimental Verification

Once again, the structure was first excited by a harmonic load of f(t) = 0.0014

Sin(18.48t) applied at node 2 and acceleration time histories were measured at all 

nodes. They were post-processed and velocity and displacement time histories were 
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evaluated. The rotational time histories were theoretically generated. The identified 

stiffness values using experimental response information only are summarized in Table 

7.17, Column 3. The stiffness of all the elements increased with respect to the defect-

free structure, but the stiffness of element 4 increased by the smallest amount 

indicating the defect in it. The defect is identified using criterion C-1.

The frame was then excited by an impulsive load applied at the top of the frame.  

Following the same procedures discussed earlier, the frame was identified and the results 

are summarized in Column 3, Table 7.18. In this case, the stiffness of element 4 is 

reduced while the stiffness of all other elements increased. This also indicates that the 

defects are in element 4, according to criterion C-2.

(ii) Theoretical Verification

To validate the identification using experimental response information, a 

theoretical model of the defective frame was then developed. The dynamic properties of 

the defective model and details of the defect induced are discussed in details in Section 

7.2.4. The theoretical defective frame is then excited by applying a harmonic load of f(t) 

= 0.0014 Sin(18.48t) at node 2. Following the similar procedure discussed for the 

previous cases, theoretical responses were evaluated using ANSYS. The identified 

stiffness values are listed in Column 4, Table 7.17. The results show that the stiffness

of element 4 is reduced by the largest amount. Again, this indicates that the defect is 

located in element 4 according to criterion C-1.

The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are
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identified. The results are summarized in Table 7.18, Column 4. In this case, the 

stiffness of element 4 is reduced while the stiffness of all other elements increased. 

This also indicates that the defects are in element 4, according to criterion C-2.

Table 7.17: Stiffness identification for defective frame – Mesh refinement 1: Case 4, 

harmonic excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 96 100 93.1 4.00 -3.11 0.53 0.39
2 97.3 100.9 94.5 3.57 -2.96 0.48 0.37
3 194.1 205.7 189.9 5.64 -2.21 0.75 0.27

4 194.7 196.5(1) 180.2(2) 0.92 -8.05 0.12 1.00
5 244.5 263.9 236.7 7.35 -3.30 0.98 0.41
6 243.9 263.7 236.1 7.51 -3.30 1.00 0.41
7 245.3 257.7 237.8 4.81 -3.15 0.64 0.39
8 245.1 257.7 237.6 4.89 -3.16 0.65 0.39
9 245.6 260.7 238.1 5.79 -3.15 0.77 0.39
10 246.1 260.7 238.5 5.60 -3.19 0.75 0.40

(1) Element 4 is considered as one continuous element
(2) Element 4 is theoretically modeled by 3 finite elements
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Table 7.18: Stiffness identification for defective frame – Mesh refinement 1: Case 4, 

impulse excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-2 (8) C-2 

1 98.2 101.5 98.6 3.25 1.02 Increase Increase

2 98.3 102.4 98.3 4.00 0.00 Increase Increase

3 196.4 202.6 199.2 3.06 1.41 Increase Increase

4 196.3 190.9(1) 193.1(2) -2.83 -1.66 Decrease Decrease

5 251.3 259.3 253.9 3.09 1.02 Increase Increase

6 249.3 258.5 253.8 3.56 1.77 Increase Increase

7 246.5 256.1 249.2 3.75 1.08 Increase Increase

8 245.3 257.2 250.6 4.63 2.11 Increase Increase

9 245.1 254.9 248.6 3.84 1.41 Increase Increase

10 244.8 255 248.7 4.00 1.57 Increase Increase

(1) Element 4 is considered as one continuous element
(2) Element 4 is theoretically modeled by 3 finite elements

As mentioned earlier, the defective element is element 4, as it can be seen in Fig. 

7.18. The experimental and theoretical results clearly indicate that beam element 4

contains the defects. Thus, it is clear that the algorithm is capable of detecting relatively 

small defects in structural elements using experimental responses and when the excitation 

may come from multiple sources.  

After studying the previous defective cases without mesh refinement, it can be stated 

that the defective element was located with a greater precision due to the refinement of 

the mesh. It can be definitely concluded that refinement of the mesh in the model and 

using the ILS-UI algorithm the defects at the element level can be located with any 
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desired precision. To establish the efficiency and robustness of the algorithm, an even 

finer mesh is discussed next. 

7.4 Identification of localized defects - Mesh Refinement 2

  In Section 7.3, it was successfully demonstrated that constructing a finer mesh in 

the FE model or adding more sensors in the experimental frame can help us locate a 

defect spot with any desired precision. In this section an even finer mesh will be used to 

establish the robustness of the ILS-UI algorithm. For this purpose, two additional sensors 

or node points are introduced. One sensor is added at the mid-span of beam 3. One 

additional sensor is added at the quarter point of the span of beam 3. The locations of the 

two extra sensors are shown in Fig. 7.19.

7.4.1 Defect Free Structure

To simulate a refinement of the mesh experimentally, an additional sensor is located 

at midspan on beam element 3. In Fig 7.19 the sensor location for refinement mesh 2 is 

shown. 
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Figure 7.19: Sensor location for acceleration measurements for refinement mesh 2 (in-

plane x direction)

The dynamic properties of the frame have not changed. For identification purposes, 

elemental stiffness has been modified. By adding a sensor at mid-span of element 3, and 

an additional sensor at the quarter point 2 additional elements are created (element 4 and 

5, in Fig 7.20). 

As mentioned earlier, the elemental stiffness k is a function of (EI/L) for frame 

structures, E is the material Young's modulus, L is the element length, and I is the 

moment of inertia of the cross-section. Therefore, the nominal EI/L values of the 

elements created requires to be updated. In this study, the stiffness of beams 1, 2 and 3 

remains unchanged, the stiffness of beams 4 and 5, are estimated to be 387.2 kN-m and 

the stiffness of columns 6 to 11 remain unchanged also. 
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 (i) Experimental verification

Once again, the structure was first excited by a harmonic load of f(t) = 0.0014

Sin(18.48t) applied at node 2 and acceleration time histories were measured at all 

nodes. They were post-processed and velocity and displacement time histories were 

evaluated. The rotational time histories were theoretically generated. The identified 

stiffness values using experimental response information only are summarized in Table 

7.19, Column 3. When experimental response information is used to identify the defect-

free frame, the maximum error in the identification is found to be about 6.2%.  

The frame was then excited by an impulsive load applied at the top of the frame.  

Following the same procedures discussed earlier, the frame was identified and the results 

are summarized in Column 3, Table 7.20. When experimental response information is 

used to identify the defect-free frame, the maximum error in identification is found to be 

about 6.9 %.

(ii) Theoretical Verification

To validate the identification using experimental response information, a 

theoretical model of the defect-free frame was then developed. The theoretical FEM 

model is shown in Fig. 7.20.
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Figure 7.20: Finite element model – Mesh refinement 2

By adding two additional nodes, six more DDOFs are considered (2 x-translational 

direction, 2 y-translational direction and 2 θ-rotational direction) corresponding to the 

additional nodes. 

The theoretical defective frame is then excited by applying a harmonic load of f(t) = 

0.0014 Sin(18.48t) at node 2. Following the similar procedure discussed for the 

previous cases, theoretical responses were evaluated using ANSYS. The identified 

stiffness values are listed in Column 4, Table 7.19. When theoretical response 

information is used to identify the frame, the maximum error in identification is found to 

be only 3.5%.  The error is smaller than the case when the responses used are measured 

experimentally to identify the frame.  This is expected.

The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are
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identified. The results are summarized in Table 7.20, Column 4. When theoretical 

response information is used to identify the frame, the maximum error in identification is 

found to be 4.7%.  The error is smaller than when experimental responses are used to 

identify the frame. 

Table 7.19: Stiffness identification for defect-free frame – Mesh refinement 2: two 

additional nodes, harmonic excitation

Identified stiffness (EI/L) kN-m Identified error (%)

Nominal Defect free Defect freeElement

Value Experimental Theory Experimental Theory
(1) (2) (3) (4) (5) (6)

1 96.5 101.1 97.2 4.25 0.41

2 96.5 99.6 98.3 2.81 1.53

3 193.7 196.4 194.6 1.37 0.46

4 387.5 391.4 389.5 1.00 0.51

5 387.5 394.3 389.3 1.72 0.46

6 242.2 257.9 251.1 6.09 3.54

7 242.2 258.3 250.7 6.23 3.39

8 242.2 255.6 249 5.24 2.73

9 242.2 252.3 246.8 4.00 1.86

10 242.2 250.4 251.1 3.27 3.54

11 242.2 253.2 250.6 4.34 3.35
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Table 7.20: Stiffness identification for defect free frame – Mesh refinement 2: two 

additional nodes, impulse excitation

Identified stiffness (EI/L) kN-m Identified error (%)

Nominal Defect free Defect freeElement

Value Experimental Theory Experimental Theory
(1) (2) (3) (4) (5) (6)

1 96.5 103.4 99.1 6.38 2.32

2 96.5 100.3 99.85 3.49 3.05

3 193.7 198.2 197.5 2.27 1.92

4 387.5 395.2 393.6 1.95 1.55

5 387.5 394.1 394.1 1.67 1.67

6 242.2 259.3 253.8 6.59 4.57

7 242.2 260.1 254.1 6.88 4.68

8 242.2 258.9 249.9 6.45 3.08

9 242.2 254.1 249.6 4.68 2.96

10 242.2 258.3 250.6 6.23 3.35

11 242.2 252.1 250.7 3.93 3.39

(iii) Conclusions

As before, the errors in the stiffness identification for the harmonic load case are 

relatively lower than the impulsive load case. The impulse was applied manually. Its 

theoretical representation may not have been ideal.  This modeling error may have caused 

the relatively larger error in identification.  In any case, the maximum error in 

identification in both cases is smaller than other system identification methods available 

in the literature, even when they used theoretical responses and input excitation 

information. 

By analyzing the results for the previous case, it was observed that the error in 

identified stiffness values increased with respect to the cases discussed in section 6.4 and 

7.3.1 when less response information was used. This was not expected. Since more 
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information is being used in the algorithm, the error in identified stiffness is expected to 

decrease. It is believed that this increase in error is caused by not considering the DDOF 

corresponding to the y-displacement for the additional nodes. To prove this is the cause 

of this error increase, the following case is considered.

The theoretical defective frames are then excited by applying a harmonic load of f(t) 

= 0.0014 Sin(18.48t) at node 2. Following the similar procedure discussed for the 

previous cases, theoretical responses were evaluated using ANSYS. In this particular 

case, the structural responses are assumed to be available at all nodes, including the 

responses in the y-direction. Using these responses as input in the ILSUI algorithm, the 

identified stiffness values are listed in Column 3, Table 7.21. The results show that the 

error in identified stiffness decreased considerably, this indicates the controlling 

responses in the frame must be considered. If they are not considered the identification 

error tends to increase.
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Table 7.21: Stiffness identification for defect-free frame – Mesh refinement 2: two 

additional nodes (“y” DOF included), harmonic excitation

Identified stiffness (EI/L) kN-m Identified error (%)

Nominal Defect free Defect freeElement

Value Theory Theory
(1) (2) (3) (4) 

1 96.5 96.8 0.35

2 96.5 97.0 0.48

3 193.7 194.2 0.28

4 387.5 390.1 0.67

5 387.5 390.2 0.69

6 242.2 243.1 0.38

7 242.2 243.3 0.47

8 242.2 242.7 0.19

9 242.2 243.1 0.36

10 242.2 243.4 0.49

11 242.2 243.6 0.57

The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are

identified. The results are summarized in Table 7.22, Column 3. Similar results as when 

the frame was excited by a harmonic excitation, were obtained.
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Table 7.22: Stiffness identification for defect free frame – Mesh refinement 2: two 

additional nodes (“y” DOF included), impulse excitation

Identified stiffness (EI/L) kN-m Identified error (%)

Nominal Defect free Defect freeElement

Value Theory Theory
(1) (2) (3) (4) 

1 96.5 97.5 1.01

2 96.5 97.2 0.76

3 193.7 195.4 0.86

4 387.5 391.1 0.92

5 387.5 392.2 1.21

6 242.2 245.8 1.47

7 242.2 246.2 1.67

8 242.2 247.1 2.04

9 242.2 245.4 1.32

10 242.2 246.4 1.75

11 242.2 244.6 0.98

In both cases, i.e. when the frame was excited by a harmonic excitation and by an 

impulsive excitation, the error in identified stiffness decreased considerably. This 

indicates that as more representative information of the frame is used in the proposed 

technique, the accuracy in the identified stiffnesses increases. 

As mentioned earlier, the main purpose of developing this technique is to detect 

defects in structures. The defective models considered in Section 7.3 are again discussed 

for this mesh refinement case. The algorithm is again used to check if it can identify these 

defects with even more precision.
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7.4.2 Defective Cases

The defective cases that are considered for the mesh refinement 2 are listed below:

Defective Case 3: Individual “crack” type defect on beam element

Defective Case 4: Reduction or loss of cross sectional area

Defective Case 5: Multiple “crack” type defects on beam element

The procedure followed in this stage is similar to the one discussed earlier with the 

only difference that two additional nodes are considered. 

7.4.2.1 Defective Case 2: Multiple “crack” type defect on beam element 4 and 5

Again, four saw cut notches are introduced in beam 4 and 5. A schematic 

representation of the notches and their location is shown in Fig 7.21. The notches start at 

the bottom flange and are spaced 30 cm center to center from node 5. The width and 

depth of the notches are 1.5 mm and 9.1 cm, respectively. Details of this defective case 

were discussed in Section 7.2.2. 
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Figure 7.21: Schematic representation – Mesh refinement 2, Defective case 2

(i) Experimental Verification

Once again, the structure was first excited by a harmonic load and acceleration 

time histories were measured at all nodes. A similar data postprocessing procedure 

described earlier was followed. Using only experimental response information 

elemental stiffness for the entire frame is identified. Summarized in Table 7.23, 

Column 3, are the identified stiffness values of all the elements. The results show that 

the stiffness of elements 4 and 5 is reduced by the largest amount. This indicates that 

the defect is located in elements 4 and 5 according to criterion C-1.

The frame was then excited by an impulsive load applied at the top of the frame.  

Following the same procedures discussed earlier, the frame was identified and the results 

are summarized in Column 3, Table 7.24. As before, the results show that the stiffness 
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of elements 4 and 5 is reduced by the largest amount. This indicates that the defect is 

located in elements 4 and 5 according to criterion C-1.

(ii) Theoretical Verification

To validate the identification using experimental response information, a 

theoretical model of the defective frame was then developed. The dynamic properties of 

the defective model and details of the defect induced are discussed in details in Section 

7.2.2. The theoretical defective frame is then excited by applying a harmonic load of f(t) 

= 0.0014 Sin(18.48t) at node 2. Following the similar procedure discussed for the 

previous cases, theoretical responses were evaluated using ANSYS. The identified 

stiffness values are listed in Column 4, Table 7.23. The results show that the stiffness 

of elements 4 and 5 is reduced by the largest amount. This indicates that the defect is 

located in elements 4 and 5 according to criterion C-1.

The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are 

identified. The results are summarized in Table 7.24, Column 4. Again, the results 

show that the stiffness of elements 4 and 5 is reduced by the largest amount. This 

indicates that the defect is located in elements 4 and 5 according to criterion C-1.
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Table 7.23: Stiffness identification for defective frame – Mesh refinement 2: Case 2, 

harmonic excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 97.2 92.5 95.2 -5.08 -2.10 0.26 0.18
2 98.3 92.1 95.1 -6.73 -3.36 0.35 0.28
3 194.6 182.5 188.7 -6.63 -3.13 0.35 0.26

4 389.5 326.8(1) 353.8(2) -19.19 -10.09 1.00 0.85

5 389.3 329.5(3) 348.1(4) -18.15 -11.84 0.95 1.00
6 251.1 234.1 244.8 -7.26 -2.57 0.38 0.22
7 250.7 233.5 244.7 -7.37 -2.45 0.38 0.21
8 249 231.5 243.8 -7.56 -2.13 0.39 0.18
9 246.8 230.9 243.2 -6.89 -1.48 0.36 0.13
10 251.1 235.8 246.7 -6.49 -1.78 0.34 0.15
11 250.6 234.6 246.1 -6.82 -1.83 0.36 0.15

(1) Element 4 is considered as one continuous element
(2) Element 4 is theoretically modeled by 5 finite elements
(3) Element 4 is considered as one continuous element
(4) Element 4 is theoretically modeled by 5 finite elements
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Table 7.24: Stiffness identification for defective frame – Mesh refinement 2: Case 2, 

impulse excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 99.1 89.8 95.9 -10.36 -3.34 0.53 0.22
2 99.85 90.3 96.7 -10.58 -3.26 0.54 0.21
3 197.5 179.36 191.5 -10.11 -3.13 0.51 0.20

4 393.6 333.9(1) 356.1(2) -16.83 -10.53 0.86 0.68

5 394.1 329.4(3) 341.2(4) -19.64 -15.50 1.00 1.00
6 253.8 235.6 244.9 -7.72 -3.63 0.39 0.23
7 254.1 234.9 244.5 -8.17 -3.93 0.42 0.25
8 249.9 229.3 245.7 -8.98 -1.71 0.46 0.11
9 249.6 228.4 243.8 -9.28 -2.38 0.47 0.15
10 250.6 230.3 243.1 -8.81 -3.09 0.45 0.20
11 250.7 234.1 243.2 -7.09 -3.08 0.36 0.20

(1) Element 4 is considered as one continuous element
(2) Element 4 is theoretically modeled by 5 finite elements
(3) Element 4 is considered as one continuous element
(4) Element 4 is theoretically modeled by 5 finite elements

(iii) Conclusions

In this defective case, the algorithm conclusively identified the location of the defect 

more accurately. The experimental and theoretical results clearly indicate that beams 4 

and 5 contain the defects. Thus, it is clear that the algorithm is capable of detecting 

relatively large defects in structural elements using experimental responses and when the 

excitation may come from multiple sources.  For all cases, the identified stiffnesses for 

the defective elements are reduced by the largest amount. This indicates that the defect 

is located in elements 4 and 5 according to criterion C-1. To establish the robustness of 

the algorithm, other defective states will be considered and in the following section. 
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7.4.2.2 Defective Case 3: Reduction or loss of cross sectional area on beam element 3

In this defective scenario, corrosion or loss of area is simulated by reducing the cross 

sectional area of a specific region in beam 4. The area is removed using a vertical milling 

machine. In Fig. 7.22, a schematic representation and the location of such defective state 

are shown. Details of this defective case were discussed in Section 7.2.3.

Figure 7.22: Schematic representation – Mesh refinement 2, Defective case 3

(i) Experimental Verification

Once again, the structure was first excited by a harmonic load of f(t) = 0.0014

Sin(18.48t) applied at node 2 and acceleration time histories were measured at all 

nodes. They were post-processed and velocity and displacement time histories were 

evaluated. The rotational time histories were theoretically generated. The identified 

stiffness values using experimental response information only are summarized in Table 
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7.25, Column 3. The results show that the stiffness of element 3 is reduced by the 

largest amount This indicates that the defect is located in element 3 according to 

criterion C-1.

The frame was then excited by an impulsive load applied at the top of the frame.  

Following the same procedures discussed earlier, the frame was identified and the results 

are summarized in Column 3, Table 7.26. As before, that the stiffness of element 3 is 

reduced by the largest amount Again, this indicates that the defect is located in 

element 3 according to criterion C-1.

(ii) Theoretical Verification

To validate the identification using experimental response information, a 

theoretical model of the defective frame was then developed. The dynamic properties of 

the defective model and details of the defect induced are discussed in details in Section 

7.2.3. The theoretical defective frame is then excited by applying a harmonic load of f(t) 

= 0.0014 Sin(18.48t) at node 2. Following the similar procedure discussed for the 

previous cases, theoretical responses were evaluated using ANSYS. The identified 

stiffness values are listed in Column 4, Table 7.25. The results show that the stiffness 

of element 4 is reduced by the largest amount. Again, this indicates that the defect is 

located in element 4 according to criterion C-1.

The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are

identified. The results are summarized in Table 7.26, Column 4. As before, the 
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stiffness of element 4 is reduced by the largest amount. Again, this indicates that the 

defect is located in element 4 according to criterion C-1.

Table 7.25: Stiffness identification for defective frame – Mesh refinement 2: Case 3, 

harmonic excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 97.2 91.5 95.1 -6.23 -2.21 0.35 0.16
2 98.3 91.1 96.5 -7.90 -1.87 0.44 0.13
3 194.6 181.3 193.4 -7.34 -0.62 0.41 0.04

4 389.5 330.6(1) 342.1(2) -17.82 -13.86 1.00 1.00
5 389.3 358.9 378.1 -8.47 -2.96 0.48 0.21
6 252.5 234.2 245.5 -7.81 -2.85 0.44 0.21
7 250.7 234.1 244.9 -7.09 -2.37 0.40 0.17
8 249 229.8 243.6 -8.36 -2.22 0.47 0.16
9 246.8 230 243.2 -7.30 -1.48 0.41 0.11
10 251.1 234.2 245.8 -7.22 -2.16 0.41 0.16
11 250.6 234.1 245.3 -7.05 -2.16 0.40 0.16

(1) Element 4 is considered as one continuous element
(2) Element 4 is theoretically modeled by 3 finite elements
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Table 7.26: Stiffness identification for defective frame – Mesh refinement 2: Case 3, 

impulse excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 99.1 92.3 96.5 -7.37 -2.69 0.47 0.20
2 99.85 92.4 95.3 -8.06 -4.77 0.52 0.35
3 197.5 185.1 192.4 -6.70 -2.65 0.43 0.20

4 393.6 340.6(1) 346.5(2) -15.56 -13.59 1.00 1.00
5 394.1 364.5 377.5 -8.12 -4.40 0.52 0.32
6 253.8 236.8 244.8 -7.18 -3.68 0.46 0.27
7 254.1 235.6 246.1 -7.85 -3.25 0.50 0.24
8 249.9 231.8 247.2 -7.81 -1.09 0.50 0.08
9 249.6 232.1 245.9 -7.54 -1.50 0.48 0.11
10 250.6 236.9 243.5 -5.78 -2.92 0.37 0.21
11 250.7 238.1 243.9 -5.29 -2.79 0.34 0.21

(1) Element 4 is considered as one continuous element
(2) Element 4 is theoretically modeled by 3 finite elements

(iii) Conclusions

In this defective case, the algorithm conclusively identified the location of the defect 

more accurately. The experimental and theoretical results clearly indicate that beam 

element 4 contains the defect. Thus, it is clear that the algorithm is capable of detecting 

relatively small defects in structural elements using experimental responses and when the 

excitation may come from multiple sources.  For all cases, the identified stiffness for the 

defective element is reduced by the largest amount. This indicates that the defect is 

located in elements 4, according to criterion C-1. 
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7.4.2.3 Defective Case 4: Individual “crack” type defect on beam element 4

In this defect scenario, a single saw cut notch is introduced to beam 4 as shown 

schematically in Fig 7.23.  The width and depth of the notches are 1.5 mm and 9.1 cm, 

respectively. The crack is machined at the bottom flange of the beam, located at 1.2m 

from node 5. Details of this defective case were discussed in Section 7.2.4. 

 

Figure 7.23: Schematic representation – Mesh refinement 2, Defective case 4

(i) Experimental Verification

Once again, the structure was first excited by a harmonic load of f(t) = 0.0014

Sin(18.48t) applied at node 2 and acceleration time histories were measured at all 

nodes. They were post-processed and velocity and displacement time histories were 

evaluated. The rotational time histories were theoretically generated. The identified 

stiffness values using experimental response information only are summarized in Table 
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7.27, Column 3. The results show that the stiffness of element 3 is reduced by the

largest amount Again, this indicates that the defect is located in element 3 according to 

criterion C-1.

The frame was then excited by an impulsive load applied at the top of the frame.  

Following the same procedures discussed earlier, the frame was identified and the results 

are summarized in Column 3, Table 7.28. In this case, the stiffness of element 3 is 

reduced while the stiffness of all other elements increased. This also indicates that the 

defects are in element 3, according to criterion C-2.

(ii) Theoretical Verification

To validate the identification using experimental response information, a 

theoretical model of the defective frame was then developed. The dynamic properties of 

the defective model and details of the defect induced are discussed in details in Section 

7.2.4. The theoretical defective frame is then excited by applying a harmonic load of f(t) 

= 0.0014 Sin(18.48t) at node 2. Following the similar procedure discussed for the 

previous cases, theoretical responses were evaluated using ANSYS. The identified 

stiffness values are listed in Column 4, Table 7.27. The results show that the stiffness 

of element 4 is reduced by the largest amount. Again, this indicates that the defect is 

located in element 4 according to criterion C-1.

The theoretical model was next excited by an impulsive force applied at node 2. 

Following the similar procedures discussed earlier, the elemental stiffnesses are

identified. The results are summarized in Table 7.28, Column 4. For this case, the 
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stiffness of element 3 is reduced by the largest amount Again, this indicates that the 

defect is located in element 3 according to criterion C-1.

Table 7.27: Stiffness identification for defective frame – Mesh refinement 2: Case 4, 

harmonic excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-1 (8) C-1 

1 97.2 92 94.4 -5.65 -2.97 0.42 0.24
2 98.3 93.8 95.2 -4.80 -3.26 0.36 0.27
3 194.6 187.3 187.2 -3.90 -3.95 0.29 0.32

4 389.5 343.5(1) 347.1(2) -13.39 -12.22 1.00 1.00
5 389.3 370.2 374.5 -5.16 -3.95 0.39 0.32
6 251.1 232.9 243.5 -7.81 -3.12 0.58 0.26
7 250.7 232.9 242.1 -7.64 -3.55 0.57 0.29
8 249 235.9 242.3 -5.55 -2.77 0.41 0.23
9 246.8 237.1 240.6 -4.09 -2.58 0.31 0.21
10 251.1 236.3 245.1 -6.26 -2.45 0.47 0.20
11 250.6 236.8 244.9 -5.83 -2.33 0.44 0.19

(1) Element 4 is considered as one continuous element
(2) Element 4 is theoretically modeled by 3 finite elements
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Table 7.28: Stiffness identification for defective frame – Mesh refinement 2: Case 4, 

impulse excitation

Identified Stiffness (EI/L) Change in stiffness Detection criteria
Defect 

free Defective kN-m Defective (%) applied (C-1 or C-2)
Element

Theory Experiment Theory Experiment Theory Experiment Theory
(1) (2) (3) (4) (5) (6) (7) C-2 (8) C-1 

1 99.1 102.3 96.7 3.13 -2.48 Increase 0.36
2 99.85 103.5 97.6 3.53 -2.31 Increase 0.33
3 197.5 201.5 197.6 1.99 0.05 Increase 0.01

4 393.6 383.2(1) 368.2(2) -2.71 -6.90 Decrease 1.00
5 394.1 398.8 387.9 1.18 -1.60 Increase 0.23
6 253.8 260.2 254.1 2.46 0.12 Increase 0.02
7 254.1 260.1 253.8 2.31 -0.12 Increase 0.02
8 249.9 254.3 247.8 1.73 -0.85 Increase 0.12
9 249.6 255.6 248.6 2.35 -0.40 Increase 0.06
10 250.6 256.6 249.1 2.34 -0.60 Increase 0.09
11 250.7 257.9 250.3 2.79 -0.16 Increase 0.02

(1) Element 4 is considered as one continuous element
(2) Element 4 is theoretically modeled by 3 finite elements

(iii) Conclusions

Again, the algorithm conclusively identified the location of the defect more 

accurately. The experimental and theoretical results clearly indicate that beam element 4 

contains the defect. Thus, it is clear that the algorithm is capable of detecting relatively 

small defects in structural elements using experimental responses and when the excitation 

may come from multiple sources.  For all cases, with the exception of the case when the 

frame was excited by an impulsive loading, the identified stiffness for the defective 

element is reduced by the largest amount. This indicates that the defect is located in 

elements 4, according to criterion C-1. It is interesting to note that the stiffness of 

element 4 for the case when the frame was excited by an impulsive loading is reduced 
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while the stiffness of all other elements increased. This also indicates that the defects 

are in element 3, according to criterion C-2.

It can be mentioned, that the ILS-UI algorithm can pinpoint the location of the 

defect as long as the sensor mesh is appropriately constructed. Therefore we can state 

again that the defective element was located with a greater precision due to the 

refinement of the mesh.

7.5 Collective stiffness identification analysis

As mentioned earlier, theoretical verification of the algorithm was successfully done 

by (Katkhuda, 2004). The following section is focused on verification using experimental 

results only. A collective analysis of all the defective elements is discussed. The effect of 

the finite element mesh refinement is discussed also. The purpose is this general analysis 

is to summarize all different cases of defective elements and all different cases of mesh 

refinement. The effect of defect size, number of DDOFs used, mesh refinement size, 

loading condition, are discussed in this section.

7.5.1 Effect of the mesh refinement in the defect-free frame

The finite element discretization of the model is definitely important to identify the 

location of the defective element more precisely. In Fig. 7.24, the three experimental 

discretizations used in this study are shown. When the frame is discretized with only 9 

elements (6 nodes) and is excited by a harmonic excitation, the maximum change in 

stiffness is 3.3%. Now using the refined mesh, and specifically mesh refinement 1 (one 

additional node), the overall error in stiffness identified decreased. And finally using a 

frame discretization similar to the mesh refinement case 2, an overall increase in stiffness 
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error is observed. It is believed that this increase in identified stiffness error might be due 

to the fact that the vertical component of the beam was not considered in this particular 

case. As more response information is used, the error in identified stiffness is expected to 

decrease. 

In the case when the defect free frame is excited by an impulsive loading, similar 

results were obtained. When the frame is discretized with only 9 elements (6 nodes) and 

is excited by an impulsive excitation the maximum change in the stiffness is 5.8%. For 

mesh refinement 1 with 10 element and 7 nodes, the overall error in stiffness identified 

decreased. And finally using a frame discretization similar to the mesh refinement case 2, 

an overall increase in stiffness error is observed. Again, it is believed that this increase in 

identified stiffness error might be due to the fact that the vertical component of the beam 

was not considered in this particular case. As mentioned before, the larger changes in the 

stiffness identification observed for the impulsive excitation, is caused by the modeling 

error and the uncertainty in the excitation force. 
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Figure 7.24: Finite element model for the (a) original discretization, (b) refinement case 

1, and (c) refinement case 2
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7.5.2 Analysis of defective cases 

The defect severity and size is discussed next. The defective cases discussed below 

are similar to the defective cases studied in previous sections. Thus, they will only be 

mentioned by defective case number. 

In defective case 1, the stiffness for the defective element becomes very small, 

close to zero and negative indicating the nature and the location of the defect.  When 

the defect is severe, the algorithm can easily detect the presence of such defect. When 

the defect is not severe it might not be that simple. In these cases, at least one of the 

two defect identification criteria must be applied. 

In defect case 2, when the frame is excited by a harmonic excitation, the stiffness 

of the defective element changed at least 46% more than the stiffness of all the other 

elements. This does not mean that the actual stiffness if the element is reduced by 

46%, this change is relative to all other stiffness reductions in the frame elements. It 

should be noted that our purpose is not finding the actual stiffness of the defect-free 

and defective element. Our purpose is to identify an abrupt change in the stiffness 

identified relative to all other stiffness in the frame. 

The next less severe defect considered is case 3. In this case, when the frame is 

excited by a harmonic excitation, the stiffness of the defective element changed at least 

33% more than the amount the stiffness of all other elements changed. Again, this does 

not mean that the actual stiffness value is 33% different from the defect free case; this 

change is relative to all other stiffness reductions in the frame elements.
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For defective case 4, When the frame is excited by a harmonic excitation, the 

stiffness of the defective element changed at least 21% more than the amount of 

change for all other elements.

When the frame is excited by an impulsive load, similar results are obtained, for 

the defective case 2 (most severe), case 3, and case 4 (less severe). For defective case 

2, the change in stiffness of the defective element relative to all other elemental 

sitffnesses identified is 40%, while a 37% and a 27% change in stiffness for the 

defective element relative to all other elements is obtained for defective case 3 and 

case 4, respectively. 

These results show that the defect can be identified easier if the defect is large 

enough to change the signature of the frame. As the defect severity decreases the 

difference in identified elemental stiffness decreases also. Since in these cases, 

experimental responses are being used in the identification process, the very small 

changes caused by small defects might not be distinguished due to the embedded noise 

that is present in the experimental response of the frame.

Summarized in Table 7.29 are the results of comparing the change in stiffness 

obtained for the different defective cases when excited by a harmonic force. The results 

for the experimental cases when additional sensors were introduced (mesh refinement 

1 and 2) and the frame is excited by a harmonic excitation are also summarized in 

Table 7.29. 
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Table 7.29: Stiffness identification for defective frame – Different defective cases 

compared, harmonic excitation

Elemental change in stiffness relative to each other (%)
Defective Case

Original Discretization
Refinement 1
Discretization

Refinement 2
Discretization

1
Close to zero and 

negative
N/A N/A

2 46% 53% 56%
3 33% 50% 52%
4 21% 36% 42%

Most 
severe

Less 
severe 5 N/A N/A N/A

The results shown in Table 7.29 demonstrate that for the experimental study as the 

refinement mesh increases, a greater change in identified stiffness for the defective 

element can be detected among the identified stiffness on the frame.  It must also be 

noted that as the severity of the defect decreases, the change in stiffness identification for 

the defective element compared to all other elements in the frame also decreases. 

7.5.3 Exploratory study on the relationship between damping and damage

As it is well known in the profession, that damping in a mechanical or structural 

system is a measure of the rate at which the energy of the system is dissipated. The role 

that damping plays is very significant and must be considered when designing; when it is 

not, there will be harmful consequences.

The type and level of damping varies from situation to situation.  It varies with the 

materials used, the form of the structure, the nature of the subsoil and vibration, and any 

other components interacting with the material of the structure.  

This issue has not been studied comprehensively. From personal communication 
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with experts on the subject of damping, it can be mentioned that common sense indicates 

that increase in damage leads to a increase in damping, but this statement has not been 

proved and might be correct under certain circumstances only.

In this section, an attempt is made to investigate how damping is changed by 

defects induced in a structure. Such study is focused on understanding if defective 

systems lead to an overall increase or decrease in structural damping. Experiments were 

conducted on each of the defective cases discussed earlier. As before, the log decrement 

method was used to estimate the amount of damping present in the system.

The amount of damping present in the defect-free frame is considered to be the 

baseline. The damping in this case was estimated to be 1.20%. For defective case 1, when 

a beam was completely removed from the frame, the damping was estimated to be 2.2%. 

For defective case 2, when four notches were introduced in beam 3, the damping was 

estimated to be 1.63%. For defective case 3, when the cross sectional area of beam 3 was 

reduced, the damping was estimated to be 1.35%. For defective case 4, when a single 

notch was introduced in beam 3, the damping was estimated to be 1.29%. For defective 

case 5, when two defects were introduced in different beams in the frame, the damping 

was estimated to be 1.74%

The results indicate that damping in a defective structure increased with 

respect to its corresponding defect-free case. For severe defects, damping was 

significantly changed. For less severe cases, the difference between damping for the 

defective and defect-free structures was not that obvious. 
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Again, this exploratory study was conducted to study the feasibility of the 

proposed method in evaluating the correlation between change in structural properties 

and different damage scenarios. Many more experimental tests on different type of 

structures are required to generalize this results. It is an important subject for future 

research.

7.5.4 Modeling of additional mass on structural elements and its effect on the 
algorithm’s accuracy 

The following theoretical examples are discussed to analyze the effect of the mass 

distribution in actual building floors. The accuracy of the algorithm to predict the 

modified stiffness due to additional mass is studied. The same defect-free theoretical 

model shown in Section 6.3 is considered in this case.  Additional mass is added to the 

top floor (beam element 1). The mass at beam 1 is increased by 10%. This increase is 

modeled uniformly along the length of the beam.

 The frame is then excited by a harmonic load of f(t) = 0.0014 Sin(18.48t) kN at 

node 2. Theoretical responses of the defect-free frame were evaluated using ANSYS 

(2001). Then using theoretical response information only, the frame was identified. 

The identified stiffness values of all the elements are listed in Table 7.30, Column 3. 

Stiffnesses of all the elements are similar to what are expected. The maximum error in 

identification is found to be only 1.24%.  The error is similar to the case when no 

additional mass was considered. This is expected. By modeling the mass distribution 

present in an actual floor system, the algorithm is also capable of identifying the 

elemental stiffness. 
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Table 7.30: Stiffness identification for defect-free frame (additional mass), harmonic

excitation

Identified stiffness (EI/L) kN-m 

Nominal Defect-freeElement

Value Identified Error (%)
(1) (2) (3) (4)

1 106.5 104.88 1.19

2 96.5 95.6 0.98

3 96.5 95.3 1.24

4 242.2 240.1 0.85

5 242.2 240.6 0.64

6 242.2 241.0 0.48

7 242.2 239.9 0.97

8 242.2 240.1 0.86

9 242.2 240.8 0.57

To study the effect of additional mass on the defect detection accuracy of the 

algorithm, the following case is considered. The defective case considered is Case 1 

(Removal of a beam element). The defective frame is excited by a harmonic load of (t) 

= 0.0014 Sin(18.48t) applied at the top of the frame (node 2). Following similar 

procedures discussed earlier for the defect-free case, the theoretical responses of the 

defective frame were evaluated using ANSYS. Then, using theoretical response 

information only, the frame was identified. The results are shown in Table 7.31, 

Column 3. As before, stiffnesses of all the elements are similar to what are expected.  

However, for element 3, the stiffness becomes very small, close to zero and negative, 

indicating the nature and the location of the defect.
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Table 7.31: Stiffness identification for defective frame (additional mass), harmonic

excitation

Identified stiffness (EI/L) 
kN-m 

Nominal Defect-freeElement

Value Identified
(1) (2) (3) 

1 106.5 108.3

2 96.5 98.3

3 0 -1.05

4 242.2 246.8

5 242.2 247.1

6 242.2 247.5

7 242.2 246.9

8 242.2 247.8

9 242.2 247.9

The purpose of the additional mass included is to develop a more realistic modeling 

of the actual mass distribution in a real building. The results indicate that the algorithm is 

robust enough to identify the elemental stiffnesses of defect-free and defective structures

when additional mass is considered. 

7.6 Summary

In this chapter, the ILS-UI algorithm is conclusively verified using experimental 

response information collected for defective frames. The algorithm identified defects for 

both sinusoidal and impulsive loading cases, indicating its robustness. It was also 

successfully verified that it can identify the stiffness of a defect free or defective structure 
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at the element level using experimental time histories and using computer generated time 

histories. One important advantage of this procedure is that it can pinpoint a defective 

element to any desired precision as long as the mesh refinement is appropriately 

constructed. As the mesh gets finer and finer, the defective element is identified with 

greater certainty. An exploratory evaluation was made to study the relationship between 

damping and damage of a structure. It was found, for this particular case, that the 

damping present on a defective structure is relatively larger compared to the amount of 

damping present in the defect-free structure. 
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CHAPTER 8

STIFFNESS IDENTIFICATION USING LIMITED OUTPUT RESPONSE 

MEASUREMENTS

8.1 Introduction

In Chapter 7, experimental verification of the ILS-UI procedure was successfully 

conducted. The main drawback of this method is that the response information must be 

available at all DDOFs to identify a structure. For complicated structural systems, the 

required response information may not be available at all DDOFs.  To increase the 

application potential, the ILS-UI concept needs to be extended so that a structural system 

can be identified with limited response information only. 

Katkhuda (2004) developed a Kalman Filter-based approach to extend the ILS-UI 

procedure to identify a system using only limited response information. The basic 

concept of this methodology was first implemented by Kalman (1960) and Jazwinski

(1976). Then to increase the efficiency of the optimization algorithm, Hoshiya and Saito

(1984) proposed the Extended Kalman Filter with Weighted Global Iteration (EKF-WGI) 

method.  However, most of the past works were limited to identifying very small 

systems. To implement the algorithm, the information on the state vector of the system 

and the excitation force, f(t) must be available.  

Wang and Haldar (1997) used the ILS-UI method to generate information on the 

state vector and f(t) to satisfy one of the major requirements for the EKF-WGI method.  

They called it the Iterative Least Square Extended Kalman Filter with Unknown Input 
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(ILS-EKF-UI) method.  This was an important development.  It provides an ideal 

platform to identify any structural system using noise-contaminated limited response 

information and without using any excitation information.  However, Wang and Haldar 

only identified shear-type buildings. Wang and Haldar demonstrated that the method is 

robust and accurate and can identify a system even in the presence of large amount of 

noise in the responses. The ILS-EKF-UI is very promising and needs to be extended to 

identify different types of structural systems. The ILS-EKF-UI was extended to the 

Generalized ILS-EKF-UI method. This method was developed by Katkhuda (2004) and 

Katkhuda and Haldar (2004e, 2004f). It will be denoted hereafter as GILS-EKF-UI.  The 

brief description of the methodology of the GILS-EKF-UI is discussed in the following 

sections.

8.2 GILS-EKF-UI Methodology

The generalized ILS-UI method can be intelligently used to satisfy all the 

requirements of the EKF-WGI method.  A two-stage approach is developed as discussed 

below. 

Stage 1:  Based on the response information, a sub-structure model can be developed 

that will satisfy all the requirements for the generalized ILS-UI method.  The unknown 

excitation force f(t) and all the elements in the sub-structure then can be identified.  The 

identified stiffness and damping coefficients will provide information on the initial values 

of the state vector.   

Stage 2: Since all the information required to implement the EKF-WGI method is 

now available from Stage 1, it can now be used to identify the whole structure. 
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8.3 GILS-EKF-UI Applied to Defect Free Systems

As described in the Generalized Iterative Least Squares- Extended Kalman Filter-

Unknown Input (GILS-EKF-UI) procedure, the first step to apply such algorithm is to 

choose an appropriate substructure. The substructure must contain the available responses 

and the node where the excitation force is applied. 

Using the nodal responses of the substructure, stiffnessess and damping coefficients 

for the substructure can now be identified. The input excitation force is identified as well. 

The structural nodal responses, the identified stiffnesses for the substructure and the 

identified Rayleigh damping coefficients and the identified excitation force are used as 

input in the GILS-EKF-UI. Now, the stiffnesses for the entire frame can be identified.

Katkhuda (2004) proved that to identify the structural parameters and excitation 

force as efficiently as possible, an optimal minimum number of responses must be 

available.

8.3.1 Verification of the GILS-EKF-UI using Experimental Response Information

To verify the procedure experimentally, the defect-free frame described in Chapter 6 

is used. It should be mentioned that additional experimental tests are not required. The 

responses obtained from the experiments conducted in previous chapters will be used in a 

limited way. For the sake of completeness, a brief description of the model and the 

dynamic properties of the frame are presented.

The experimental frame is shown in Fig. 6.1. It is a two-dimensional three-story, 

one-bay steel frame structure. The location of the sensors is shown in Fig. 6.3. These

locations correspond to the six in-plane x-direction responses. 
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Preliminary tests were conducted to establish some of the dynamic parameters 

required to validate the proposed method were estimated in Chapter 6.

The average cross sectional area for the tests specimens was estimated to be 14.14 

cm2. The first two natural frequencies of the frame were estimated to be f1 = 9.76 Hz, f2 = 

34.12 Hz. The actual moment of inertia was estimated 238.67 cm4. The masses of the 

frame elements are estimated to be 11.5 kg/m. The EI/L values of the beams and columns 

are estimated to be 96.5 kN-m and 242.2 kN-m, respectively. A damping coefficient of 

1.201% was estimated. The Rayleigh damping constants α and β for the test frame were 

estimated to be 0.9634 and 7.33E-05, respectively.  

All the parameters are now available. It is now necessary to conduct verification 

tests to verify the GILS-EKF-UI algorithm.

The first step to apply the GILS-EKF-UI algorithm is to choose an appropriate 

substructure. Again, the substructure must contain the available responses and the point 

where the excitation force is applied. The load is applied at the top of the frame at node 2. 

Therefore, the substructure required for this particular study is shown in Fig 8.1.

Figure 8.1: Substructure required for Stage 1 to apply the GILS-EKF-UI to a three story 

frame
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This substructure will be used in all further discussions. The frame was then excited 

by a harmonic force of f(t) = 0.0014 Sin(58.23t) kN at the top floor. Horizontal response 

information at all the nodes in the substructure are collected by the accelerometers and 

the vertical and rotational response information was theoretically generated, as discussed 

earlier. The measured acceleration responses were postprocessed and integrated 

successively to obtain velocity and displacement time histories. It is assumed that only 

the responses at nodes 1, 2, and 4 are available. In total, nine DDOFs corresponding to 

the substructure only are assumed to be available in this particular case. The responses 

available meet the requirements of Stage 1. 

The stiffnesses of the elements in the substructure and the damping coefficients of 

the system can now be identified. The stiffnesses of Elements 1 and 5 are identified to be 

92.1 kN-m and 231.9 kN-m with an error in identification of 4.52% and 4.26%, 

respectively. The Rayleigh damping coefficients α and β are identified to be 1.089 and 

0.0000143, respectively.

The results obtained for the identified stiffnesses of the substructure are similar to 

the nominal values of stiffness. The maximum error in identified stiffness was 4.52%. 

As mentioned earlier, the GILS-EKF-UI has a unique feature. It is able to estimate 

the excitation force as a byproduct. Comparison of such force is compared to the actual 

force applied. This comparison is shown in Fig 8.2
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LOAD VERIFICATION
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Figure 8.2: Comparison between input excitation forces applied and predicted

As it can be seen from the plot, there is a relatively small difference between the 

actual excitation force and the identified excitation force. 

Next, Stage 2 of the GILS-EKF-UI algorithm is implemented using the results 

obtained from Stage 1. Katkhuda (2004) theoretically concluded that an optimal 

minimum number of responses must be available in stage 2. For the three-story, one bay 

frame, the optimal number of response measurements is 10 DDOFs. Therefore, the 

horizontal response at node 4 is assumed to be available in addition to the other 9 

DDOFs responses available. Now using the available response information, the 

identified stiffnesses for the substructure, damping coefficient and the identified 

excitation force are used as input in the GILS-EKF-UI. The elemental stiffnesses for the 

entire frame are identified and shown in Table 8.1
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Table 8.1: Stiffness identification for the entire frame – experimental defect free case

Stiffness Identified(kN-m)

Element Nominal 
Value

Identified 
Experimental

1 96.5 66.8

2 96.5 125.1

3 96.5 123.4

4 242.2 5.9

5 242.2 316.2

6 242.2 1727.5

7 242.2 212.7

8 242.2 168.5

9 242.2 82.9

The results shown in Table 8.1 are obviously incorrect. After obtaining such values, 

every potential aspect of the study that might have caused this output was mitigated 

thoroughly. The following aspects of the study were addressed to find the root cause of 

obtaining such results.

a) Number of time points used: different number of sampled time points where 

considered. Time histories of 1, 2, 5, 7.5, and 10 sec were applied. This aspect was 

not the root cause.

b) Time increment size: the sampled frequency was modified. The experimental data 

was recorded at 0.0025, 0.001, 0.01 and 0.1sec time increments. This response 

information used in the algorithm. The optimal time increment size was 0.00025. 

This aspect was not the root cause.
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c) Number of DDOFs: it was shown in Chapter 7 that as more DDOFs are used in 

the numerical algorithm, the identification process is less efficient. In this case the 

minimum DDOFs to be able to identify the entire frame are used.  This aspect was 

not the root cause.

d) Amplification of the responses: it was believed that small responses obtained 

from the 1/3 scaled frame might cause numerical and convergence problems in the 

proposed algorithm. This problem lead to errors in the stiffness and damping 

coefficient identifications.

It was found that the root cause of obtaining such results was that relatively small 

output response information was used. It is concluded that the divergence of the 

identified values is caused by numerical integration errors due to the relatively small 

responses obtained from the scaled model.

Since the model is considered to behave linearly, any arbitrary constant can be used 

to amplify the small responses. A constant factor of 5, 10, 50, 100, 1000 is used to 

amplify the responses from the experimental frame. They all give similar results. Only 

identified stiffness ratios for a scale factor of 1000 are given in this report.

Again, the nodal responses for the substructure are available at nodes 1, 2, and 4. 

Nine DDOFs are assumed to be available. The amplified responses for the substructure 

are use as input in Stage 1 of the GILS-EKf-UI. The stiffnesses of the elements in the 

substructure and the damping coefficients of the system can now be identified. The 

stiffnesses of Elements 1 and 5 are identified to be 93.5 kN-m and 235.5 kN-m with an 
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error in identification of 2.98% and 2.63%, respectively. The Rayleigh damping 

coefficients α and β are identified to be 0.9581 and 0.0000598, respectively.

As before, the results obtained for the identified stiffnesses of the substructure are 

similar to the nominal values. The maximum error in identified stiffness was 2.98%. 

By amplifying the experimental response the error in identified stiffness decreased 

from 4.52% to 2.98%. The error identifying the stiffness significantly reduced using 

amplified experimental responses.

Once the substructure parameters and the input excitation force are identified 

properly, Stage 2 of the GILS-EKF-UI can be implemented. All other stiffness for the 

frame are then identified. The results are shown in Table 8.2.

Table 8.2: Stiffness identification for the entire frame – experimental defect-free case

Stiffness Identified (kN-m)

Element Defect 
Free 

Theory

Identified 
Experimental

Error in 
stiffness 

(%)

1 95.7 93.2 -2.56

2 95.8 93.5 -2.35

3 96.1 93.5 -2.67

4 240.8 236.1 -1.98

5 240.2 234.7 -2.31

6 240.4 234.6 -2.43

7 240.7 234.2 -2.71

8 241.5 235.8 -2.38

9 241.4 235.1 -2.58

The maximum error in the identification of elemental stiffnesses for the elements in 

the frame is 2.71%. By amplifying the experimental response the stiffness identification 
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for the entire improved. Furthermore, the error identifying the stiffness significantly 

reduced using amplified experimental responses.

This error is smaller than the error in identified stiffnesses obtained using the ILS-UI 

algorithm. Also, this error is considerably lower compared to other system identification 

techniques available in the literature (Wang and Haldar, 1995 and 1997). It can be stated 

that the GILS-EKF-UI has an enormous advantage over the ILS-UI. It uses only limited 

response information and it does not need information on the excitation force. As shown, 

the GILS-EKF-UI has been verified using experimental response measurements. It 

should be noted that this section corresponds only to the identification of a structural 

defect-free system using limited response measurements and without using input 

excitation information. 

The main purpose of developing this technique is to detect defects in structures. 

Several defects of various degrees of severity were introduced in the test frame.

8.4 GILS-EKF-UI Applied to Defective Systems

In the previous section a defect-free frame was successfully identified. Now to 

establish the robustness and important capabilities of the GILS-EKF-UI algorithm the 

following cases are presented. Katkhuda (2004) verified the procedure theoretically for 

defect-free and several types of defective cases. Theoretical verification of the algorithm 

is not the primary objective of this study. Hereafter, only experimental verification of the 

algorithm will be discussed. In the following 6 defective cases, the frame is identified 

using limited response information.

The defects are discussed in the following order:
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Case1: Removal of a structural element

Case 2: Multiple “crack” type defects induced on a beam element

Case 3: Loss of area at a specific location on a beam element

Case 4: Individual “crack” type defect induced on a beam element

Case 6: Multiple defects induced at different locations in a structure

As before, the identified stiffnesses of the defective experimental frame are 

compared to the identified stiffnesses of the defect-free theoretical model. It is expected 

that the identified stiffness of the defective element to be modified to illustrate the 

location of the defect. In this study, the same two defect identification detection criteria 

discussed in Chapter 7 are used to establish defective states. 

8.4.1 Defective Case 1

 As mentioned in Chapter 7, in defective case 1, beam element 3 was completely 

removed from the frame. The defective model was discussed in detail in Section 7.2.1. 

The difference is that limited response information will be used to identify the elemental 

stiffnesses of the frame. As concluded from Section 8.3, amplified experimental 

responses will be used to verify the GILS-EKF-UI and to avoid numerical integration and 

divergence problems. 

The substructure required to apply Stage 1 of the GILS-EKF-UI algorithm is shown 

in Fig 8.1. As before, it is assumed that only the responses at nodes 1, 2, and 4 are 

available. In total, nine DDOFs are assumed to be available in this particular case. The 

responses available meet the requirements of Stage 1. The experimental responses are 

amplified by a factor of 1000. The amplified responses for the substructure are then used 
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as input in Stage 1 of the GILS-EKF-UI. The stiffnesses of the elements in the 

substructure and the damping coefficients of the system can now be identified. The 

stiffnesses of Elements 1 and 5 are identified to be 90.3 kN-m and 224.8 kN-m with an 

error in identification of 6.35% and 7.05%, respectively. The Rayleigh damping 

coefficients α and β are identified to be 1.5502 and 0.000183, respectively.

Identified stiffnesses for the elements in the substructure and the damping 

coefficients are accurate. The maximum error in stiffness identification is 7.05%. The 

input excitation force was identified with an acceptable accuracy.

Next, the identified values in Stage 1 are used as input in the GILS-EKF-UI in order 

to obtain the stiffnesses for all other elements in the frame. For optimal results, the 

horizontal response at node 4 is assumed to be available in addition to the other 9 

DDOFs responses available. In Table 8.3 are shown the identified stiffnesses for this 

case.

Table 8.3: Stiffness identification for the entire frame – experimental defective Case 1

Stiffness Identified (kN-m) 

Element Defect 
Free 

Theory

Identified 
Experimental

1 95.7 89.2

2 95.8 89.4

3 96.1 -1.3
4 240.8 225.6

5 240.2 226.8

6 240.4 224.2

7 240.7 222.9

8 241.5 226.4

9 241.4 226.3
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The results show that the stiffnesses of all the elements are similar to what were 

expected. The stiffness of element 3 is found to be very small, close to zero and negative,

indicating the location of the defect.

8.4.2 Defective Case 2

For defective case 2, four notches were introduced in beam element 3. The defective 

model was discussed in detail in Section 7.2.2. Again, limited response information will 

be used to identify the elemental stiffnesses of the frame. As concluded from Section 8.3, 

amplified experimental responses will be used to verify the GILS-EKF-UI and to avoid 

numerical integration and divergence problems. 

Again, the substructure required is shown in Fig 8.1. As before, it is assumed that 

only the responses at nodes 1, 2, and 4 are available. In total, nine DDOFs are assumed to 

be available in this particular case. The responses available meet the requirements of 

Stage 1. The experimental responses are amplified by a factor of 1000. The amplified 

responses for the substructure are then used as input in Stage 1 of the GILS-EKF-UI. The 

stiffnesses of the elements in the substructure and the damping coefficients of the system 

can now be identified. The stiffnesses of Elements 1 and 5 are identified to be 90.9 kN-m 

and 226.4 kN-m with an error in identification of 5.68% and 6.41%, respectively. The 

Rayleigh damping coefficients α and β are identified to be 0.8721 and 0.0000736, 

respectively.

Next, the identified values in Stage 1 are used as input in the GILS-EKF-UI in order 

to obtain the stiffnesses for the elements of the entire frame. For optimal results, the 

horizontal response at node 4 is assumed to be available in addition to the other 9 
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DDOFs responses available. In Table 8.4 are shown the identified stiffnesses for this 

case.

Table 8.4: Stiffness identification for the entire frame – experimental defective Case 2

Stiffness Identified (kN-m)

Element Defect 
Free 

Theory

Identified 
Experimental

Change 
in 

stiffness 
(%)

1 95.7 89.4 -6.53

2 95.8 89.6 -6.38

3 96.1 71.5 -25.6

4 240.8 223.4 -7.25

5 240.2 221.9 -7.65

6 240.4 222.5 -7.45

7 240.7 223.1 -7.32

8 241.5 224.7 -6.97

9 241.4 224.8 -6.86

Stiffnesses of all the elements are similar to what are expected.  In this case, the 

stiffness of element 3 is reduced by the largest amount. This indicates that the defect is 

located in element 3, according to criterion C-1.

Using the GILS-EKF-UI the defective element is identified in a more obvious way 

than when the ILSUI algorithm is applied. In this case it can be stated that the defective 

element was conclusively identified using experimental response measurements. In the 

following section the GILS-EKF-UI is verified using limited response information for 

less severe defective systems.
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8.4.3 Defective Case 3

For defective case 2, the cross sectional area at a location in beam 3 is reduced. The 

defective model was discussed in detail in Section 7.2.3. Again, limited response 

information will be used to identify the elemental stiffnesses of the frame. As concluded 

from Section 8.3, amplified experimental responses will be used to verify the GILS-EKF-

UI and to avoid numerical integration and divergence problems. 

The substructure required is shown in Fig 8.1. As before, it is assumed that only the 

responses at nodes 1, 2, and 4 are available. In total, nine DDOFs are assumed to be 

available in this particular case. The responses available meet the requirements of Stage 

1. The experimental responses are amplified by a factor of 1000. The amplified responses 

for the substructure are then used as input in Stage 1 of the GILS-EKF-UI. The 

stiffnesses of the elements in the substructure and the damping coefficients of the system 

can now be identified. The stiffnesses of Elements 1 and 5 are identified to be 92.0 kN-m 

and 233.0 kN-m with an error in identification of 4.52% and 3.68%, respectively. The 

Rayleigh damping coefficients α and β are identified to be 0.8943 and 0.0000736, 

respectively.

Identified stiffnesses for the elements in the substructure and the damping 

coefficients are accurate. The maximum error in stiffness identification is 4.52%. The 

input excitation force was identified with an acceptable accuracy.

Next, the identified values in Stage 1 are used as input in the GILS-EKF-UI in order 

to obtain the stiffnesses for the elements of the entire frame. As before, for optimal 

results, the horizontal response at node 4 is assumed to be available in addition to the
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other 9 DDOFs responses available. In Table 8.5 are shown the identified stiffnesses for 

this case.

Table 8.5: Stiffness identification for the entire frame – experimental defective Case 3

Stiffness Identified (kN-m)

Element Defect 
Free 

Theory

Identified 
Experimental

Change 
in 

stiffness 
(%)

1 95.7 92.6 -3.25

2 95.8 92.5 -3.45

3 96.1 86.9 -9.56

4 240.8 234.6 -2.58

5 240.2 235.1 -2.14

6 240.4 231.8 -3.56

7 240.7 233.1 -3.14

8 241.5 234.6 -2.87

9 241.4 234.9 -2.69

In this case, stiffnesses of all the elements are similar to what are expected.  

Again, the stiffness of element 3 is reduced by the largest amount. This indicates that 

the defect is located in element 3, according to criterion C-1. It is obvious that the 

algorithm identified the defective elements accurately without using information on the 

input excitation force and using only limited output response information.

8.4.4 Defective Case 4

For defective case 4, a single notch was introduced in beam element 3. The defective 

model was discussed in detail in Section 7.2.4. In this case, limited response information 

will be used to identify the elemental stiffnesses of the frame. As concluded from Section 

8.3, amplified experimental responses will be used to verify the GILS-EKF-UI and to 

avoid numerical integration and divergence problems. 
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Again, the substructure required is shown in Fig 8.1. As before, it is assumed that 

only the responses at nodes 1, 2, and 4 are available. In total, nine DDOFs are assumed to 

be available in this particular case. The responses available meet the requirements of 

Stage 1. The experimental responses are amplified by a factor of 1000. The amplified 

responses for the substructure are then used as input in Stage 1 of the GILS-EKF-UI. The 

stiffnesses of the elements in the substructure and the damping coefficients of the system 

can now be identified. The stiffnesses of Elements 1 and 5 are identified to be 92.9 kN-m 

and 235.7 kN-m with an error in identification of 3.68% and 2.56%, respectively. The 

Rayleigh damping coefficients α and β are identified to be 0.8927 and 0.0000722, 

respectively.

Identified stiffnesses for the elements in the substructure and the damping 

coefficients are accurate. The maximum error in stiffness identification is 3.68%. The 

input excitation force was identified with an acceptable accuracy.

Next, the identified values in Stage 1 are used as input in the GILS-EKF-UI in order 

to obtain the stiffnesses for the elements of the entire frame. For optimal results, the 

horizontal response at node 4 is assumed to be available in addition to the other 9 

DDOFs responses available. In Table 8.6 are shown the identified stiffnesses for this 

case.
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Table 8.6: Stiffness identification for the entire frame – experimental defective Case 4

Stiffness Identified (kN-m)

Element Defect 
Free 

Theory

Identified 
Experimental

Change 
in 

stiffness 
(%)

1 95.7 92.3 -3.52

2 95.8 92.7 -3.21

3 96.1 88.7 -7.65

4 240.8 233.6 -3.01

5 240.2 232.3 -3.32

6 240.4 233.2 -2.98

7 240.7 233.8 -2.85

8 241.5 233.3 -3.41

9 241.4 233.9 -3.08

Stiffnesses of all the elements are similar to what are expected.  In this case, the 

stiffness of element 3 is reduced by the largest amount. This indicates that the defect is 

located in element 3, according to criterion C-1. Thus, in can be concluded that the 

proposed algorithm correctly identified the location of the defect in the frame for this 

case.   

8.4.5 Defective Case 5

To improve and establish the robustness of the GILS-EKF-UI algorithm, several 

defects were introduced in the frame. For defective case 5, four notches were introduced 

in beam 3 and the cross sectional area of beam 2 was reduced. The defective frame was 

discussed in detail in Section 7.2.5. In this case, limited response information will be used 

to identify the elemental stiffnesses of the frame. As concluded from Section 8.3, 
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amplified experimental responses will be used to verify the GILS-EKF-UI and to avoid 

numerical integration and divergence problems. 

Again, the substructure required is shown in Fig 8.1. As before, it is assumed that 

only the responses at nodes 1, 2, and 4 are available. In total, nine DDOFs are assumed to 

be available in this particular case. The responses available meet the requirements of 

Stage 1. The experimental responses are amplified by a factor of 1000. The amplified 

responses for the substructure are then used as input in Stage 1 of the GILS-EKF-UI. The 

stiffnesses of the elements in the substructure and the damping coefficients of the system 

can now be identified. The stiffnesses of Elements 1 and 5 are identified to be 93.8 kN-m 

and 235.0 kN-m with an error in identification of 2.68% and 2.84%, respectively. The 

Rayleigh damping coefficients α and β are identified to be 0.8785 and 0.0000769, 

respectively.

Identified stiffnesses for the elements in the substructure and the damping 

coefficients are accurate. The maximum error in stiffness identification is 2.84%. The 

input excitation force was identified with an acceptable accuracy.

Next, the identified values in Stage 1 are used as input in the GILS-EKF-UI in order 

to obtain the stiffnesses for the elements of the entire frame. For optimal results, the 

horizontal response at node 4 is assumed to be available in addition to the other 9 

DDOFs responses available. In Table 8.7 are shown the identified stiffnesses for this 

case.
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Table 8.7: Stiffness identification for the entire frame – experimental defective Case 5

Stiffness Identified (kN-m)

Element Defect 
Free 

Theory

Identified 
Experimental

Change 
in 

stiffness 
(%)

1 95.7 92.9 -2.95

2 95.8 90.1 -5.86

3 96.1 88.9 -7.51

4 240.8 233.6 -3.02

5 240.2 233.8 -2.68

6 240.4 234.5 -2.45

7 240.7 233.8 -2.85

8 241.5 234.0 -3.12

9 241.4 233.9 -3.08

In this particular case, the defective elements in the frame are beam 2 and 3. It can 

be seen that the stiffness of elements 3 and 2 are reduced by 7.51% and 5.86%, 

respectively, larger than the identified stiffnesses of all other elements. These results 

indicate that they contain the defects, according to criterion C-1.

 It can be concluded that the defective case was conclusively identified. It is clear 

that the GILS-EKF-UI algorithm is capable of detecting minor and relatively large 

amount of defects in structural elements using experimental responses measurements.

8.5 Summary

In this chapter, defect-free and defective frames are successfully identified using 

limited information. The basic technique was recently developed by Katkhuda (2004). It 

is a Kalman Filter-based approach to extend the ILSUI procedure to be able to identify a 

system using only limited response information and without using input excitation 
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information. The proposed method is capable of identifing defect-free structures excited 

by any type of dynamic excitation. The time domain system identification nondestructive 

evaluation techinque has the unique feature that the input excitation force is not directly 

requiered to identify the structural dynamic parameters of a system. 

As mentioned earlier, Katkhuda (2004), developed the GILS-EKF-UI technique and 

theoretically verified it using different types of structural systems, applying several 

different dynamic excitations, and multiple loadings (harmonic, impulsive, seismic). 

Katkhuda theoretically identified defect-free and defective structures. In this study, 

experimental validation of the method considering some of the defect scenarios are 

considered. The results show that, it is clear that the GILS-EKF-UI algorithm is a robust 

and powerful tool which is definitely capable of identifying defect-free structures, and 

structures with minor and relatively large amount of defects in structural elements using 

limited experimental responses measurements and without using input excitation 

response information.
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CHAPTER 9

SUMMARY AND CONCLUSIONS

9.1 Summary

Experimental verification of a novel system identification technique that can detect 

defects at the element level is successfully accomplished.  The method can be used for in-

service health assessment of real structures without disrupting normal operations. Any 

structure that can be represented by finite elements can be identified by this method.  This 

study conclusively verifies the method and it is expected that the method will be used for 

the health assessment of structures in the future.

Analytical verification of the proposed algorithm has been successfully completed

by the research team at the University of Arizona. Vo and Haldar (2004) conducted 

experiments on fixed-ended and simply supported defect-free and defective beams, to 

validate the method.  The purpose of this research was to validate the method by 

conducting experiments with more realistic structures.  A two-dimensional steel frame is 

selected for this purpose.

A three-story one- bay steel frame, built to 1/3 scale to fit the experimental facility, 

was considered for this research. The frame was excited by harmonic and impulsive 

excitation forces. Transverse acceleration time histories were recorded at pre-selected 

node points.  The transverse acceleration responses were collected using single axis 

capacitive accelerometers. The angular displacement responses were measured using 

an autocollimator, which is an optical sensing device capable of measuring the rotation of 
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a single point. However, only one autocollimator was available.  An indirect method 

proposed by Vo and Haldar (2004) was used to theoretically generate rotational response 

time histories.  After placement of the accelerometers, the frame was excited by a 

dynamic load, i.e. harmonic load or impulsive load, for a short time. In both cases, 

the input loads did not cause any damage to the structure. 

The dynamic responses of the frames were collected by a high-speed data 

acquisition system with simultaneous sampling capability. The acceleration time 

histories were post-processed to eliminate the unwanted presence of noise, high 

frequency, slope, and DC bias.  The acceleration time histories were successively 

integrated to obtain the velocity and the displacement time histories. First using only 

experimentally collected response information and completely ignoring the excitation 

information, the stiffness of all the structural elements were identified.  The method 

identified the defect-free frame very accurately.  Defects, in terms of removing a beam, 

reducing cross sectional area over a small segment of a beam, and cutting notches in a 

beam, were introduced.  The method correctly identified the defect location.  Additional 

sensors were placed around the location of the defect in an effort to identify defect spot 

more accurately.  The proposed method successfully identified defect location in all 

cases.  

To increase the implementation potential of the proposed method, the defect-free 

and defective frames are then identified using limited response information. A two-stage 

Kalman filter-based approach is proposed for this purpose.  A sub-structure approach is 

used.  It is denoted by the team as the Generalized Iterative Least Square Extended 
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Kalman Filter with Unknown Input (GILS-EKF-UI) method.  It is a combination of 

iterative least squares technique with Unknown Input (ILS-UI) and the Extended Kalman 

Filter with Weighted Global Iteration (EKF-WGI) techniques. This procedure is able to 

identify a system using only limited response information.  As expected, the error in the 

identification goes up as less information is used. However, the error is much smaller 

than other methods currently available in the literature, even when input the input 

excitation was for the identification purpose. Defects could be relatively minor in nature.  

The method is very robust and can identify defects caused by different types of loadings. 

9.2 Conclusions

Based on this study, several important conclusions can be made.  They are:

1) The ILS-UI-based nondestructive defect identification technique is conclusively 

verified using experimental response measurements. The method can identify 

structures that can be represented by finite elements using experimental response 

information and without using any information on excitation. 

2) It was demonstrated that the proposed method can identify structures in the 

presence of relatively large defects. The noise embedded in the experimental 

responses is not a factor if the raw data is postprocessed appropriately. The 

method is more accurate than the other available methods even when input 

information was used for the identification purpose. 
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3) Relatively small defects cannot be identified with the proposed method using 

experimental response information. The accuracy improves significantly when the 

defects are relatively large.  

4) The initial finite element representation can be refined to detect defects location 

more accurately in the defective element. 

5) The method was able to experimentally identify defects in existing structures 

excited by harmonic and impulsive loadings. Basically, it is capable of identifying 

structures excited with any type of dynamic loading.

6) The GILS-EKF-UI method can identify defects in structures using minimum 

information and without using any information on excitation.  It was successful in 

identifying defects in all the cases considered in this study. 

7) Based on this study and the theoretical verifications recently conducted, it can be 

concluded that the GILS-EKF-UI method can be used as a non-destructive defect 

evaluation (NDE) technique. It can be used for health assessment of existing 

structures on a continuing basis or just after major natural or man-made events. 

9.3 Recommendations for future work

Based on the results of the present study, the following topics can be addressed in 

the future:

1) The method needs to be verified using three-dimensional experimental models.

2) The method needs to be verified using experimental responses obtained from full-

scale existing structures or full-scale laboratory models.

3) Effect of the axial stiffness on the defect identification needs further study. 
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APPENDIX A

NOTATION OF SYMBOLS

The following symbols are used in this dissertation:

A = matrix of system responses

C = damping matrix

ci =  viscous damping coefficient of ith element

E = Young’s modulus 

F = vector of input excitation and inertia forces

f(t) = excitation force vector

f1 = first natural frequency of the system

f2 = second natural frequency of the system

h = total number of observation time points

I = moment of inertia 

K = global stiffness matrix

ki =  stiffness of ith element

L = total number of unknown parameters

M = global mass matrix

N = total number of dynamic degrees of freedom

n = number of cycles

ne = number of elements

P = vector of unknown system parameters to be identified

xx,x ,&&&  = response vectors of acceleration, velocity and displacement
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(t)t XX &,)( = displacement and velocity vectors 

xn = amplitude of the response after n cycles

xo = amplitude of the response at the first cycle

α  = mass-proportional damping coefficient 

β  = stiffness-proportional damping coefficient

δ = logarithmic decrement

mξ , nξ  = damping ratios  

mω , nω  = frequencies or modes 
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