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Abstract: A novel structural performance/health assessment method, denoted as 

GILS-EKF-UI, is under development by the research team at the University of 

Arizona. The procedure is essentially inverse solution of a system identification-

based algorithm in the presence of uncertainty. The unique feature of the 

algorithm is that it can identify members’ properties and in the process access the 

performance/health of a structural system using only noise-contaminated dynamic 

response information measured at few locations completely ignoring the 

excitation information. The experimental and analytical verification of the 

method is emphasized in this paper. To verify the GILS-EKF-UI method using 

minimum response information, a substructure is considered. A two-dimensional 

defect-free steel frame is identified using limited analytical (noise-free and noise-

contaminated) and experimental responses. Several defects were then introduced 

in the frame. Two defects in particular; by removing a member and by reducing 

the cross sectional area of a member over a finite length, are presented in the 

paper. In all cases, the GILS-EKF-UI method predicted the health of the frame by 

correctly identifying the defect and its location, conclusively establishing the 

viability of the novel concept. 

Key Words: Damage Assessment, Finite Elements, Kalman Filter, System Identification 

under Uncertainty, Structural Health Assessment, Experimental Verification 

1. Introduction 

Objective performance or health assessment of structures as they age or just after extreme 

natural events (strong earthquakes or high winds) or man-made events (blasts or 

explosions) has become a challenge to the engineering profession. A new multi-

disciplinary engineering branch to access structural health has emerged in the process. 

Among many alternatives, using dynamic responses of structures measured by smart 

sensors reflecting their current health is becoming a very attractive choice and is being 

advocated by the structural health assessment professionals. The basic problem can be 

conceptually presented as follows.



                         R. Martinez-Flores, H. Katkhuda and A. Haldar 

. 

 

122 

Since one of the objectives of the health assessment is to detect defect at the element level, 

it will be desirable to represent the structure by finite elements.  The stiffness properties 

of all the elements can be tracked and their variations from the expected or previous values 

can be used to identify the location(s) of the defective element(s). If the excitation that 

caused the response is known, then using a classical system identification (SI)-based 

procedure can be used to evaluate the stiffness properties of all the elements.   

The SI-based structural health assessment methods are being pursued for a long period 

of time with limited success [1, 2]. There are some fundamental issues that need to be 

addressed.  Outside the highly controlled laboratory experiments, the excitation force that 

caused the response is very difficult to measure. It will be extremely desirable if a 

structure can be identified using only response information, completely ignoring the 

excitation information.  However, it poses a difficult mathematical challenge since two of 

the three essential components of the SI approach (input excitation, output responses, and 

the system to be identified) will be unknown. Capabilities of sensors are also limited and 

the data collected by them are expected to be contained error or noise. Thus, the 

identification of a system using only noise-contaminated measured response information 

adds a different set of challenges. 

A large real structure will require a large number of finite elements to represent it.  

This will increase the dynamic degrees of freedom (DDOFs); essentially requiring a large 

number of dynamic responses to be measured.  However, it will be practically impossible 

or economically prohibitive to instrument a large structure at all DDOFs.  The finite 

element representation of the structure is not unique Thus, considering the implemental 

issues; an ideal method should be capable of identifying a structure using only noise-

contaminated response information measured at a limited number of DDOFs.  

It is indeed a challenging problem. Maybeck [3] commented that a deterministic 

system cannot be identified using measured response information, essentially suggesting 

that the presence of numerous sources of uncertainty makes the approach unworkable. The 

research team at the University of Arizona has been attempting to address several issues 

on the overall structural health assessment area not addressed by Maybeck. 

Wang and Haldar [4] initially proposed a method known as the Iterative Least Squares 

with Unknown Input (ILS-UI) method.  The efficiency of the method was improved by 

Ling and Haldar [5] and the method is known as modified ILS-UI or MILS-UI. Both 

methods require that responses must be available at all DDOFs.  Kalman filter-based 

algorithm is generally used to identify a system if the response information is limited and 

noise-contaminated [3, 6 - 8]. However, the information on the input excitation and the 

initial state vector must be available to implement the concept.  Thus, the basic Kalman 

filter-based algorithm cannot be used. Capturing the desirable features of the MILS-UI and 

the Kalman filter-based procedures, the research team proposed a new approach.  They 

call it the Generalized Iterative Least Squares – Extended Kalman Filter- Unknown Input 

(GILS-EKF-UI) approach [9].  This is a two-stage approach. They are: 

Stage 1 - Based on the available response information and locations of the sensors, a 

substructure is considered that will satisfy all the requirements of the MILS-UI method 

[5]. This way all the elements in the substructure will be identified and as a by-product, the 

excitation information will be available.  

Stage 2 - The information from Stage 1 will satisfy the Kalman filter-based algorithm 

and the whole structure can be identified with limited noise-contaminated response 

information, satisfying the major objective of the study. 
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2. The GILS-EKF-UI Concept 

The basic concept of GILS-EKF-UI is discussed in detail in [9]. However, for the ease of 

comprehension, only the essential theoretical components are briefly discussed below. 

Without loosing any generality, suppose the health of a large building needs to be 

evaluated.  Only one or two floors of the building are instrumented, i.e., accelerometers 

are placed at pre-determined locations (at the node points in the finite element 

representation).  Acceleration time histories will be recorded (noise-contaminated) using 

these accelerometers for few seconds without knowing the excitation information. The task 

is to identify the stiffness parameters of all the beams and columns of the structure.   

A two-dimensional one-bay three-story steel frame, shown pictorially in Fig. 1, was 

built. To fit the experimental facility, the bay width of 3.05 m and the story height of 1.22 

m were selected.  The frame is represented by three beams and six columns as shown in 

Fig. 2. Suppose the dynamic responses are measured only at nodes 1, 2, and 4. Can the 

stiffness parameters for all the beams and columns be identified using only this limited 

information?  

2.1 Stage 1 

Since the response information is available at only three nodes, a substructure consisting 

of a beam and a column, as shown in Fig. 2, can be selected. The governing equation of 

motion for the substructure using the MILS-UI method for Rayleigh-type damping can be 

expressed as: 

 

( ) )()()(βα)( tttt
subsubsubsubsubsubsubsub

fxMxKMxK =+++ ���                    (1)               

 

where Ksub and Msub = global stiffness and mass matrices, respectively, 

,)()( tt
subsub

x,x ��� and )(t
sub

x = vectors containing acceleration, velocity and 

displacement, respectively, α  = mass-proportional damping coefficient, β  = stiffness-

proportional damping coefficient, and fsub(t) = unknown excitation force vector(s). 

 

 
 

Fig. 1:  Experimental Model Frame 

Msub is generally assumed to be known and can be assembled from the mass matrices 

of all the elements in the substructure by considering their connectivity and following the 

standard finite element formulation as [10]:   



124                   R. Martinez-Flores, H. Katkhuda and A. Haldar 

 

∑
=

=
nesub

1i

sub

i
MM                                            (2) 

where Msub = a matrix of size (Ndsub × Ndsub), Ndsub = total number of DDOFs to 

represent the substructure, nesub = total number of elements in the substructure, and M
i
 = 

consistent mass matrix for the i
th

 beam element in the substructure.  Since the mass 

matrix is assumed to be known and need not be identified, it is not discussed here further 

[9].  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Three-story Frame excited by one Harmonic load and the Substructure needed for the GILS-

EKF-UI Stage 1 used in Example 1. 

Ksub can be similarly assembled from the stiffness matrices of all the elements in the 

substructure using the direct stiffness method and their connectivity as [10]:  

i
KK

esubn

1i
sub

=
∑=                                           (3) 

where K
i
 = stiffness matrix for the two-dimensional i

th
 element of uniform cross section 

(constant flexural stiffness or constant EI) in the substructure and is given by: 
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where Ei, Ii, and Ai = Young's modulus, moment of inertia, and area of the cross section of 

the i
th

 element, respectively. The stiffness parameter of the i
th

 element will be represented 

by ki = Ei Ii /Li and this parameter for all the elements will be tracked to assess the health of 

the structure. For a substructure consisting of ne numbers of elements, the total number of 

parameters to be identified can be represented by a vector as: 

[ ]TneneD αβββ ,,2,1,,2,1 k,kkk,kk ……=                      (5) 
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Thus, using the MILS-UI method and information on the mass and stiffness matrixes 

of the substructure and the measured acceleration response information at the three nodes, 

the Rayleigh-damping coefficients and the stiffness parameters of all the elements in the 

substructure will be available, at the completion of Stage 1. As a by-product, the time 

history of the unknown excitation force will also be generated [5].  The information on 

damping will be applicable to the whole structure. 

2.2 Stage 2 

Assuming the substructure in Stage 1 has only two elements as considered in Fig. 2, one 

beam and another column, and their identified stiffness parameters are k1 and k2, 

respectively, then the initial value of the state vector required to implement the Kalman 

filter-based algorithm can be assumed as k1 or k2 depending upon whether the element 

under consideration is a beam or a column. Conceptually, any initial values of ki’s can be 

assumed. Stiffness parameters of all the elements in the similar category in a real structure 

are expected to be similar, thus this assumption is quite reasonable. The information on the 

excitation force and the initial state vector can now be used to identify all the elements of 

the structure using the extended Kalman filter algorithm.     

Due to the newness and novelty of the approach, the experimental verification in 

addition to the analytical verification of the method is necessary.  Initially, the method 

was exhaustively verified using computer generated error-free and artificially introduced 

noise-contaminated response information following the general practice reported in the 

literature [4, 5, 11]. The method was then comprehensively verified by conducting a series 

of laboratory experiments on defect-free and defective test frame.  

The verification section discussed below is subdivided into six parts.  In the first part, 

the test frame used is discussed. The instrument configurations are discussed in the second 

part. In the third part, the post-processing of the measured responses is briefly discussed. 

Some preliminary tests were conducted to establish the in situ properties of the members 

and dynamic properties of the test frame.  These are discussed in the fourth part.  In the 

fifth part, the defect-free frame is identified using all and limited noise-free and noise-

contaminated analytical and experimental response information.  In the last part, many 

defects are introduced in the frame. Only two of them, i.e., removing a structural member 

and reducing cross-sectional area at a location of a member, are presented. 

3. Test Frame         

The test frame is shown in Fig. 1. An I-section with nominal cross-sectional area and 

moment of inertia of 14.58 cm
2
 and 253.9 cm

4
, respectively, was used for all beams and 

columns. As mentioned earlier, the stiffness of each element is expressed in terms of a 

stiffness parameter, defined earlier as (EI/L).  

4. Instrument Configurations 

To measure the acceleration time histories, capacitive sensing accelerometers made by 

Silicon Designs, Inc., Model 2210-005, were used [12]. The model provides unity gain for 

a bandwidth of zero to 200 Hz. Each accelerometer weighs about 15 grams with cable.  A 

9V alkaline battery was used to power the accelerometers to minimize the noise generated 

by the voltage power supply. This accelerometer can measure both static and dynamic 

accelerations with maximum amplitude of 5g. To generate the desired sinusoidal 

waveform, a Tektronix Function Generator model 501A 2MHz was used. An oscilloscope 
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made by Tektronix, Model 2215 was used to view the actual signal fed to a voltage 

amplifier. This voltage amplifier was a Power Assembly Model 25499 by Kepco Power 

Supply Company. After amplifying the signal, it was fed to a vibration exciter which in 

turn converted the voltage signal into mechanical movement exciting the structure. 

Vibration Exciter Model 4808 manufactured by Bruel & Kjaer was used in this study.  

The voltage data recorded by the accelerometers were sent to a data acquisition system 

(DAS). The model DAS-1800ST made by Keithley Instruments Inc. was used. The DAS 

board converted the voltage signal in to digital signal and the software TEST POINT 3.0 

was used to collect and show the data. The responses were collected simultaneously. 

5. Post-Processing Of Experimental Data 

To implement the procedure, the measured acceleration time histories are integrated 

successively to generate the corresponding velocity and displacement time histories.  

However, several sources of noises, including those caused by the electronic devices used 

to record them, can be expected in a typical acceleration time history.   

A raw acceleration time history may contain many sources of error including noise, 

high frequency content, slope, and DC bias. To remove noise, a low-pass filter is usually 

used.  Unwanted high frequency responses can also be present and some times it is 

misclassified as noise.  The Fast Fourier Transform (FFT) is often used to detect its 

presence. Low-pass filters are used to remove high frequencies and high-pass filters are 

used to remove low frequencies. For filtering of noise and high frequencies, the 

Butterworth filter provides the closest to ideal gain response compared to other filters and 

is used in this study.  If there is presence of slope in the time history, it can be removed 

with linear regression fitting techniques. The DC bias is a fixed offset amount. It can be 

removed by normalizing the raw data about its mean [13]. 

The numerical integration process itself is a source of error. Vo and Haldar [13] 

discussed accuracy in several widely used numerical integration methods including the 

trapezoidal rule, Simpson’s rule, and Boole’s rule. The mid-point rule and other open 

Newton-Cotes rules were not considered because these rules do not consider end points.  

Because of its simplicity and efficiency, the trapezoidal rule is used in this study. 

6. Preliminary Tests 

Before conducting the dynamic verification tests, a series of preliminary tests were 

conducted to estimate the mass per unit length, actual area and moment of inertia of the 

structural elements, and the amount of damping present in the frame. By weighing, the 

mass of each element is estimated to be 11.5 kg/m. The average cross sectional area for 

the tests specimens is estimated to be 14.14 cm
2
, about 3% less than the nominal value.  

To estimate the actual moment of inertia of the structural elements, a trial and error 

method was used by matching the first two natural frequencies of the test frame. The frame 

was excited by a sinusoidal load and the acceleration time history at the top of the frame at 

node 2 in Fig. 2 was recorded.  By taking the Fast Fourier Transform (FFT) of the 

response time history, the first two natural frequencies of the frame were estimated to be 

9.76 and 34.12 Hz, respectively.  Then, for the known cross sectional area, the moment 

of inertia in the theoretical model was changed to match the experimentally estimated 

frequencies.  The results indicated that when the nominal moment of inertia was reduced 

by 6%, the first two natural frequencies match reasonably well. Since the nominal moment 

of inertia is 253.9 cm
4
, the actual moment of inertia is considered to be 0.94 × 253.9 = 

238.7 cm
4
 in all subsequent evaluations. 
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6.1 Estimation of Rayleigh damping coefficients 

 

In the experimental investigation, the logarithmic decrement method was used to first 

estimate the viscous damping ratio ζ, expressed as the percent of the critical, in the first 

mode [14].  The frame was excited by an impulse and acceleration time history at node 2 

was recorded. The time acceleration history was post-processed and integrated twice to 

obtain the displacement time history. The amplitude of the first cycle was estimated to 

0.09 cm, and after 8 cycles, it reduced to 0.05 cm. From this information, ζ was estimated 

to be 1.201%. Assuming ζ to be the same in both frequencies, the Rayleigh damping 

coefficients α and β were estimated to be 0.96337 and 7.3261E-05, respectively, by using 

standard procedure suggested by Clough and Penzien [14]. 

 

6.2 Rotational Displacement Time Histories 

 

As discussed earlier, only acceleration time histories were measured, and the 

corresponding velocity and displacement time histories were obtained by successively 

integrating post-processed acceleration time histories. To obtain rotational time histories, 

in the absence of any other instrument at the time of experiment, an autocollimator model 

431-XY made by United Detector Technology was used.  It is an optical device that fires 

a beam of light. The beam is reflected back by a mirror located at the point where the 

rotation is to be measured. By measuring the inclination of the beam of light reflected, the 

rotation of the surface is calculated. It cannot be used to simultaneously record rotational 

time histories at several required nodes. A creative procedure was used, as discussed 

below. It is important to note that the following procedure is not necessary if several 

autocollimators were available to simultaneously measure rotation at different nodes. No 

other instrument was available to measure rotational time histories at the time of 

experiments. As the structural health assessment area mature, rotational accelerometers 

will be commercially available and the procedures discussed below need not be followed.       

The rotational time histories were recorded in the preliminary tests one at a time by the 

autocollimator at Nodes 2, 4, and 6, as shown in Fig. 2.  The post-processed data were 

superimposed on a plot.  They were observed to be linearly proportional to each other; 

i.e., responses had the same phase and shape but different amplitudes. Vo and Haldar [15] 

also made similar observation in their study. This proportionality is true for all six node 

points in the frame. Thus, by knowing rotational time history at one node point, the 

corresponding rotational time histories at other nodes can be generated by scaling it 

appropriately. In fact, the same scaling concept can be extended to generate translational-

to-angular, translational-to-translational, and angular-to-angular response time histories 

with respect to a reference node. To validate this, theoretically generated rotational time 

histories with respect to the horizontal acceleration time histories measured at Node 2 and 

the measured time histories were plotted at different nodes [16].  They are found to be 

almost identical. Before adopting the scale factor approach, the authors theoretically 

excited the frame with different types of loading and computed displacement and 

rotational responses at various nodes. The corresponding scale factors were then 

calculated. They were essentially the same for various types of loading.  

Estimation of responses using scale factors, whenever possible, is very useful to 

eliminate other experimental errors, including the phase shift. The phase shift error is 

caused by the data latency due to the sampling rate of the DAS. The error occurs because 



128                   R. Martinez-Flores, H. Katkhuda and A. Haldar 

 

there is a time delay (data latency) in the sampling of responses, although they are 

supposed to be simultaneous. The DAS used in the tests has a minimum latency of two 

micro-seconds. For six nodes considered in the experimental model, a total of twelve 

micro-seconds phase shift can be expected. Considering the limitation of not having more 

than one autocollimator and the desirability of generating the rotational time histories 

using the horizontal acceleration time history measured at node 2, the rotational time 

histories at all six nodes were generated. The scale factors for the test frame to obtain 

horizontal, rotational, and vertical time histories from the horizontal time history measured 

at node 2 are given in Table 1. 

Table 1: Scale Factors to obtain Horizontal, Rotational, and Vertical Time histories with respect to 

Horizontal Time History measured at Node  

Node  Horizontal Vertical 

 Disp. Vel. Acce. Disp. Vel. Acce. 

1 
9.9990 

E-01 

1.0000 

E+00 

1.0014 

E+00 

2.4325 

E-03 

2.4306 

E-03 

2.4304 

E-03 

2 
1.0000 

E+00 

1.0000 

E+00 

1.0000 

E+00 

2.4325 

E-03 

2.4306 

E-03 

2.4304 

E-03 

3 
7.0656 

E-01 

7.1003 

E-01 

7.1327 

E-01 

2.1482 

E-03 

2.1468 

E-03 

2.1467 

E-03 

4 
7.0656 

E-01 

7.1003 

E-01 

7.1327 

E-01 

2.1482 

E-03 

2.1469 

E-03 

2.1468 

E-03 

5 
2.8425 

E-01 

2.9475 

E-01 

3.8073 

E-01 

1.3543 

E-03 

1.3538 

E-03 

1.3538 

E-03 

6 
2.8425 

E-01 

2.9475 

E-01 

3.8073 

E-01 

1.3543 

E-03 

1.3538 

E-03 

1.3538 

E-03 

 

Node Rotational 

 Displacement Velocity Acceleration 

1 -4.4916E-02 -4.9818E-02 -1.0097E-01 

2 -4.4856E-02 -4.9794E-02 -1.0088E-01 

3 -7.9170E-02 -8.0708E-02 -1.0285E-01 

4 -7.9144E-02 -8.0706E-02 -1.0282E-01 

5 -8.6118E-02 -8.8329E-02 -9.4773E-02 

6 -8.6125E-02 -8.8330E-02 -9.4768E-02 

 

7. Analytical And Experimental Verifications Of Defect-Free test Frame 

The defect-free test frame is identified first in numerous ways using analytical and 

experimental response information.  Some of them are discussed in this section. 

7.1 Analytical Verifications of Defect-Free Test Frame 

7.1.1 Example 1 

Case 1 – Analytical Verification – Defect-free Frame 

The two-dimensional test frame has 3 DDOFs at each node and a total of 18 DDOFs. 

To identify the frame using the MILS-UI method [5], 18 time histories are required. The 

required analytical response information was generated in the following way. In 

developing the analytical model, all the dynamic properties including the Rayleigh 
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damping coefficients established in the preliminary tests were used. The frame was excited 

by a harmonic force f(t) = 0.0014 Sin(58.23t) kN applied horizontally at the top floor at 

node 2. The theoretical time history of responses at all nodes, in terms of displacement, 

velocity and acceleration, were calculated using ANSYS [17]. Analytical and experimental 

responses in the x-direction at node 2 are shown in Fig. 3. They are almost identical, 

indicating that the responses measured during the laboratory investigations were reliable.      

In the next step, the frame was identified using all 18 analytical time histories, 

completely ignoring the excitation information. The analytical response information was 

generated for a 0.00025 sec time interval. Using responses from 0.05 to 0.90 sec providing 

3401 time points, the (EI/L) parameters for all the nine elements of the frame were 

identified using the MILS-UI algorithm. The results are summarized in Table 2, Column 3. 

The maximum error in the identification is about 0.12%. This smaller error is expected 

since many sources of noise present in the laboratory results are not expected to be present 

in the analytically generated response information.  This will be discussed in detail later. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Comparison between Theoretical and Experimental Responses at Node 2 

 

The acceleration time histories in the vertical direction (y axis) were found to be 

several orders of magnitude smaller than in the horizontal direction. To study the influence 

of vertical accelerations on the overall identification process, they were ignored in the next 

step. The identified (EI/L) values using 12 analytical time histories are summarized in 

Table 2, Column 5.  In this case, the maximum error in the identification is about 0.82%.  

This increased error is expected since less information is used. 

 

Case 2 - Experimental Verification – Defect-free Frame 

 

As in the analytical verification study, the defect-free frame was excited by a harmonic 

load of f (t) = 0.0014 Sin (58.23t) kN applied at node 2, as shown in Fig. 2. The horizontal 

and vertical acceleration time histories at all the 6 nodes were measured with the help of 

12 accelerometers. Six rotational time histories were generated using the horizontal 

acceleration response measurement at node 2 using scale factors in Table 1. The responses 

measured from 0.05 to 0.90 sec recorded at 0.00025 sec time intervals, providing 3401 

time points, were used to identify the defect-free test frame. Identified (EI/L) values for all 

the nine elements were identified using the MILS-UI algorithm. The results are 
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summarized in Table 2, Column 7. The maximum error in the identification is about 

2.25%.  The error is smaller than other available methods even when the information on 

the input excitation was to identify a structure [18, 19]. 

Table 2: Stiffness Parameter (EI/L) Identification for the Defect-free Frame for Example 1 

 Identified (EI/L) values in (kN-m) 

Mem. Nom. Analytical  Experimental 

  18 

DDOFs 

Error 

% 

12 

DDOFs 

Error 

% 

18 

DDOFs 

Error 

% 

12 

DDOFs 

Error 

% 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

k1 96.5 96.5 -0.03 96.5 0.00 94.9 -1.65 98.9 2.43 

k2 96.5 96.4 -0.12 97.3 0.82 95.2 -1.34 99.6 3.11 

k3 96.5 96.4 -0.08 97.2 0.72 94.7 -1.89 99.8 3.31 

k4 242.2 242.1 -0.03 243.5 0.53 237.3 -2.02 250.1 3.16 

k5 242.2 242.1 -0.05 243.4 0.49 237.0 -2.16 250.1 3.16 

k6 242.2 242.1 -0.04 243.5 0.53 238.1 -1.68 250.3 3.24 

k7 242.2 242.0 -0.09 243.5 0.53 237.7 -1.87 250.3 3.24 

k8 242.2 242.0 -0.07 243.3 0.45 236.8 -2.25 250.3 3.24 

k9 242.2 242.1 -0.05 243.4 0.49 236.9 -2.2 250.3 3.24 

 

As in Case 1, neglecting the vertical acceleration time histories, the frame was 

identified using only 12 time histories.  The results are summarized in Table 2, Column 

9.  The maximum error in the identification is now increased to about 3.3%.  This is 

expected, but still the error in identification is relatively small and very encouraging. 

Closeness in the results for the analytical (Case 1) and experimental (Case 2) 

verifications clearly indicates the appropriateness of the experimental investigation. 

 

Case 3 – Analytical Verification – Limited Responses – Defect-free Frame 

 

In this case, the identification of the defect-free frame with limited observations is 

considered. To establish the lower limit of the error associated with identifying the whole 

structure using the GILS-EKF-UI method, noise-free analytical responses are considered 

first. For the substructure considered for this example and shown in Fig. 2, the theoretical 

responses were calculated at Nodes 1, 2, and 4 using ANSYS. Actually, the information 

was available from Case 1. Using the MILS-UI method, the stiffness parameters for 

Elements 1 and 5 were identified with errors of about 0.20% and 0.35%, respectively, as 

shown in Table 3a, Column 3. Using the information from Stage 1, the whole frame was 

then identified in Stage 2 using the GILS-EKF-UI method. The results are summarized in 

Table 3b, Column 3. The maximum error in the identification is about 4.1%. 

In order to simulate noise in the responses, a numerically generated white noise with 

intensity of 5% of the RMS values of the responses observed at the DDOFs at Nodes 1, 2, 

and 4 were added to the analytical responses. The same procedure was used by Koh et al. 

[18], Toki et al. [19], and Wang and Haldar [4, 11]. The identified stiffness parameters 

using noise-contaminated analytical response information for the substructure are given 

in Table 3a, Column 5. As expected, the errors in the identification of the substructure 

went up. The identified stiffness parameters for the whole frame are summarized in 
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Table 3b, Column 5. The maximum error in the identification is about 7.7%. The noise 

in the responses increased the errors in the identification, but still they are smaller than 

other methods currently available in the literature Wang and Haldar [4, 11]. 

Table 3: Stiffness Parameter (EI/L) Identification for the Defect-free Frame for Example 1 using the 

GILS-EKF-UI Method and Analytical Responses 

a : Substructure Identification 

 Identified (EI/L) values in (kN-m) 

Member 
Nominal 

 

Without noise 

 
Error % 

With noise 

 
Error % 

(1) (2) (3) (4) (5) (6) 

K1 96.5 96.3 -0.20 96.1 -0.38 

K5 242.2 241.4 -0.35 241.1 -0.45 

 

b : Whole Frame Identification 

  Identified (EI/L) values in (kN-m) 

Member 
Nominal 

 

Without noise 

 
Error % 

With noise 

 
Error % 

(1) (2) (3) (4) (5) (6) 

K1 96.5 93.1 -3.56 89.3 -7.44 

K2 96.5 94.2 -2.35 90.2 -6.53 

K3 96.5 92.6 -4.08 90.7 -5.98 

K4 242.2 233.8 -3.45 226.8 -6.35 

K5 242.2 236.5 -2.36 229.0 -5.45 

K6 242.2 232.2 -4.11 223.6 -7.69 

K7 242.2 233.0 -3.78 226.9 -6.33 

K8 242.2 235.3 -2.86 228.0 -5.86 

K9 242.2 234.2 -3.32 227.4 -6.13 

 

Case 4 - Experimental Verification – Limited Response Information  

 

Using the MILS-UI method, the stiffness parameters for Elements 1 and 5 were identified 

as 92.1 kN-m and 231.9 kN-m, respectively. The corresponding errors in the identification 

were 4.52% and 4.26%, respectively. Although, the errors are smaller than other available 

SI methods even when excitation information was used for the identification purpose, the 

reasons behind the errors were comprehensively investigated. Initially, three items were 

investigated further: (1) the total number of sampled time points or the durations of 

responses used for the identification purpose, (2) the width of the time interval of 

responses, and (3) amplitude of the measured responses.  

To address the first item, the same substructure was identified using 1, 2, 5, 7.5, and 10 

sec of responses.  The results indicated that the total duration of responses may not be a 

major reason for the relatively large error in the identifications. Then, the width of time 

interval was considered to be 0.0025, 0.001, 0.01, and 0.1 sec. Again, the results indicated 

that the width of the time interval was not a major reason.  Next, the amplitudes of the 

measured responses were considered. They were small, of the order of 10
-2

 cm in 

displacement. Since the responses are expected to be linear, the measured responses were 

amplified by factors of 5, 10, 50, 100, and 1,000. In all cases, as the amplitude of the 

responses went up, the error in the identification went down. Conceptually, the effect of 



132                   R. Martinez-Flores, H. Katkhuda and A. Haldar 

 

presence of noise in the measured responses is expected to be smaller if the magnitude of 

response is increased. Initially, at the very beginning of the experiments, the magnitude 

and the frequency of the excitation were very carefully selected to avoid the resonance 

condition and without causing distress to the frame, the accelerometers, and other 

variables involved in the experiments. However, for the identification purpose, it was 

decided that amplifying the measured responses by a factor of 1,000 will be the most 

appropriate. It is noted that with this approach, both the responses and the noise associated 

with them will be amplified by the same amount. However, all the terms in the governing 

equation, i.e., (1), will be amplified accordingly and the identification of the stiffness with 

the same tolerance level will provide better results. It should be noted that the original un-

amplified responses can be used but the errors in the identification would go up. In a two-

stage approach, it is desirable to keep the error level at the first stage to a minimum to 

obtain better results from the second stage.   

Using the amplified responses for the substructure, the errors in the identification of 

Elements 1 and 5 were found to be 1.58% and 2.03%, respectively, as shown in Table 4a.  

The accuracy in identifying the whole structure in Stage 2 will primarily depend on the 

accuracy in predicting the input excitation force in Stage 1.  To study this issue, the 

applied and the identified excitation forces are plotted in Fig. 4. They are almost identical.  

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4: Comparison of the Applied and Identified Loads 

 

In Stage 2, the identified (EI/L) values for all the 9 elements are shown in Table 4b.  

The maximum error in the stiffness identification is about 7.6%. If one compares the 

maximum errors associated with identifying the whole frame using the GILS-EKF-UI 

method using noise-contaminated analytical (Case 3) and experimental (Case 4) responses, 

they are essentially the same. Thus, the analytical and experimental investigations are 

complimentary of each other and conclusively confirm the validity of the identifications.   

It can be concluded that the GILS-EKF-UI method correctly identified the stiffness 

parameters of the defect-free structure with limited response information (analytical and 

experimental) and without using any information on excitation. 
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Table 4 - Stiffness Parameter (EI/L) Identification for the Defect-free Frame for Example 1 using 

the GILS-EKF-UI Method and Experimental Responses 

a : Substructure Identification 

 Identified (EI/L) values in (kN-m) 

Member 
Nominal 

 
Experimental Error % 

(1) (2) (3) (4) 

k1 96.5 94.98 -1.58 

k5 242.2 237.28 -2.03 

 

b – Whole frame identification  

 Identified (EI/L) values in (kN-m) 

Member 
Nominal 

 

Experimental 

 
Error % 

(1) (2) (3) (4) 

k1 96.5 89.9 -6.89 

k2 96.5 89.2 -7.58 

k3 96.5 89.5 -7.23 

k4 242.2 224.9 -7.14 

k5 242.2 225.3 -6.99 

k6 242.2 225.5 -6.89 

k7 242.2 225.2 -7.01 

k8 242.2 224.7 -7.21 

k9 242.2 224.6 -7.25 

 

7.2 Issues Related To Minimum Required Information for Identification 

7.2.1 Example 2 

 

Kalman filter-based algorithms can identify structures with limited response information.  

However, the literature is virtually nonexistent on the minimum and/or optimum amount of 

response information necessary to identify a structure with reasonable accuracy. To study 

this issue, the frame discussed in Example 1 is considered again, but in addition to 

responses measured at nodes 1, 2, and 4, the horizontal acceleration time history at Node 3 

is assumed to be available.  The substructure in Stage 1 is not changed.  The additional 

response information was added to the information generated in Stage 1 and used in Stage 

2 to identify the whole structure using the proposed GILS-EKF-UI method. The identified 

stiffness parameters for the whole frame are summarized in Table 5 for measured time 

histories. The maximum error in the identification is about 2.7%. The maximum error in 

the identification is 2.25% when all responses were used to identify the frame using the 

MILS-UI method, about 7.6% when only nine responses were used, and about 2.7% when 

ten responses were used. The observations clearly indicate that the identification with 

more response information is always better. 

Following the similar procedures just discussed the identified stiffness parameters for 

the frame with ten responses obtained analytically are summarized in Table 6.  The 

maximum errors in identification without and with noises are about 0.84% and 1.64%,  
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  Table 5: Stiffness Parameter (EI/L) Identification for the Defect-free Frame for Example 2 using 

Responses at Nodes 1, 2, 4 and Horizontal Response at Node 3 using the GILS-EKF-UI Method 

and Experimental Responses 

 Identified (EI/L) values in (kN-m) 

Member 
Nominal 

 
Experimental Error % 

(1) (2) (3) (4) 

k1 96.5 93.2 -2.56 

k2 96.5 93.5 -2.35 

k3 96.5 93.5 -2.67 

k4 242.2 236.1 -1.98 

k5 242.2 234.7 -2.31 

k6 242.2 234.6 -2.43 

k7 242.2 234.2 -2.71 

k8 242.2 235.8 -2.38 

k9 242.2 235.1 -2.58 

 

Table 6: Stiffness Parameter (EI/L) Identification for the Defect-free Frame for Example 2 using 

Responses at nodes 1, 2, 4 and Horizontal Response at node 3 using the GILS-EKF-UI Method and 

Analytical Responses 

 Identified (EI/L) values in (kN-m) 

Member 
Nominal 

 

Without noise 

 
Error % 

With noise 

 
Error % 

(1) (2) (3) (4) (5) (6) 

k1 96.5 95.9 -0.63 95.2 -1.35 

k2 96.5 95.7 -0.84 95.5 -1.06 

k3 96.5 95.9 -0.67 95.6 -0.98 

k4 242.2 241.4 -0.35 238.2 -1.64 

k5 242.2 241.5 -0.29 239.9 -0.93 

k6 242.2 241.0 -0.49 238.7 -1.45 

k7 242.2 240.3 -0.79 239.0 -1.32 

k8 242.2 240.6 -0.66 239.6 -1.07 

k9 242.2 241.6 -0.25 239.2 -1.25 

 

respectively.  The corresponding maximum errors with nine responses were 4.11% and 

7.69%, respectively.  Similar observations were made when experimental response 

information was used to identify the frame, as discussed earlier. The results of the 

experimental and analytical studies indicate the advantage of using additional information.  

However, considering the practical implementation aspects of the problem, the same 

structure can be identified with less information but the error in the identification is 

expected to be slightly higher, without compromising the overall objective. 
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8. Analytical And Experimental Verifications Of Defective Test Frame 

Several defects of various degrees of severity were introduced in the test frame.  Two 

defective cases are discussed next. 

 

8.1 Example 3 – Defective Frame with One Structural Member Removed 

 

Case 1: Removal of a structural element – Limited Analytical Response Information 

One of the most severe defect scenarios would be a broken member.  In order to study 

this, the beam in the first floor (Element 3 in Fig. 2) is considered to be broken.  The 

responses of the defective frame with Element 3 removed were analytically evaluated 

using ANSYS when excited by the same harmonic force, i.e. f(t) = 0.0014 Sin(58.23t) kN, 

applied horizontally at the top floor at node 2.  The same substructure shown in Fig. 2 is 

considered. The responses evaluated at 0.00025 sec time intervals from 0.05 to 0.9 sec 

providing 3401 time points were used to identify the substructure. In Stage 1, the stiffness 

parameters of elements 1 and 5 are identified to be 92.1 kN-m and 236.8 kN-m, 

respectively.  In Stage 2, the whole structure is identified. The results are given in Table 

7, Column 3. The stiffness parameters for all the elements are similar to what were 

expected. The stiffness of Element 3 is found to be close to zero and negative, indicating 

the location of the defect. 

 

Table 7: Stiffness Parameter (EI/L) Identification for the Defective Frame for Example 3 using the 

GILS-EKF-UI Method 

 

 Identified (EI/L) values in (kN-m) 

  With 9DDOFs With 10 DDOFs 

Member Nominal 

 

Analytical 

 

Experimental 

 

Analytical 

 

Experimental 

 

(1) (2) (3) (4) (5) (6) 

k1 96.5 89.4 84.4 92.7 89.2 

k2 96.5 88.7 83.8 93.8 89.4 

k3 96.5 -1.1 -2.1 -0.9 -1.3 

k4 242.2 231.4 220.5 237.5 225.6 

k5 242.2 230.6 221.3 236.8 226.8 

k6 242.2 229.4 219.8 237.3 224.2 

k7 242.2 229.8 219.7 237.5 222.9 

k8 242.2 228.9 220.1 235.1 226.4 

k9 242.2 227.3 219.8 235.3 226.3 

 

As in Example 2, to study the effect of additional response information in identifying 

the frame, an additional horizontal time history recorded at node 3 was added to the 9 

response time histories.  The results using 10 analytical responses are summarized in 

Table 7, Column 5. As expected, the identified stiffness parameter for Element 3 

approaches zero more closely when more response information is used. 

 



136                   R. Martinez-Flores, H. Katkhuda and A. Haldar 

 

Case 2: Removal of a Structural Element – Limited Experimental Response 

Information 

The beam represented by Element 3 in Fig. 2 is physically removed from the frame. The 

responses of the defective frame are then collected by exciting the frame by the same 

sinusoidal force applied at the same location as in Case 1. Since it was not known in 

advance for the defect detection purpose, the initial finite element representation was not 

changed during the identification process. As in Example 1, Cases 3 and 4, the same 

substructure shown in Fig. 2 was considered. The required response information for the 

substructure at nodes 1, 2, and 4 of the defective frame was experimentally obtained. The 

responses recorded at 0.00025 sec time intervals from 0.05 to 0.9 sec providing 3401 time 

points were used to identify Elements 1 and 5 of the substructure. The stiffness parameters 

for these two elements were identified as 90.3 kN-m and 224.8 kN-m, respectively. Then, 

in Stage 2, the whole frame was identified. The results of identification using for 9 and 10 

responses, as in Case 1, are summarized in Table 7, Columns 4 and 6, respectively. The 

results show that the stiffness parameters for all the elements are similar to what were 

expected.  The stiffness parameter of Element 3 is found to be close to zero and negative, 

indicating the location of the defect. 

As expected, the identification of the missing element is more accurate when analytical 

response information was used than when experimental response information was used. 

Results obtained in Cases 1 and 2 in Example 3 clearly indicate that the proposed method 

correctly identified the defective frame and the location of the defect. 

 

8.2 Example 4 – Defective Frame with Reduced Cross-Sectional Area at One 

Location in a Beam 

 

To consider other less severe realistic defective states, numerous defective scenarios 

were considered.  One of them is discussed next.  

 

Case 1: Defect Identification – Limited Analytical Response Information 

 

In this defective case, the loss of cross-sectional area at a specific region due to corrosion 

or some other reasons is considered.  Parts of the web and flanges of Element 3 over a 

length of 5.08 cm, 1.2 m from node 5, were removed using a vertical milling machine.  

The location and dimensions of the defect are shown in the Fig. 5. The pictorial view of 

the actual defect is shown in Fig. 6. 

The reduction in the cross sectional area was analytically modeled by introducing one 

additional element. The length of the element is 5.08 cm with a reduced cross sectional 

area of 45.6% of the original area. This reduction in the area resulted in a reduction of the 

moment of inertia by 46.4% of the initial value. The responses of the defective frame were 

evaluated analytically using ANSYS when excited by the same harmonic force, i.e. f(t) = 

0.0014 Sin(58.23t) kN applied horizontally at the top floor at node 2. In Stage 1, the 

stiffness parameters of elements 1 and 5 are identified to be 94.5 kN-m and 237.9 kN-m, 

respectively. Then, in Stage 2, the whole structure was identified without modifying the 

initial finite element model. The results are given in Table 8, Column 3 when 9 responses 

were used and in Column 7 when 10 responses were used to identify the frame. The 

stiffness parameter of Element 3 is reduced by the largest amount, indicating the location 

of the defect. 
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Fig. 5: a) Schematic Location and b) Detailed Dimensions of the Loss of Area for Example 4 

 

 
 

Fig. 6: Pictorial View of Defect for Example 4 

It is important to note that multiple defect detection criteria may need to be used for 

defects not very severe in nature.  Some of the criteria considered by the authors are 

dissimilarities of the stiffness parameters in a relative sense, the magnitude of changes in 

the absolute sense, or both, etc.  This is now under consideration by the authors.    
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Case 2: Defect Identification - Limited Experimental Response Information 

 

Using the same substructure shown in Fig. 2 and using 9 responses recorded at 0.00025 

sec time intervals from 0.05 to 0.9 sec providing 3401 time points, the stiffness parameter 

for elements 1 and 5 were identified as 91.6 kN-m and 233.7 kN-m, respectively. Then, in 

Stage 2, the whole frame was identified. The results are given in Table 8, Column 5. The 

results show that the stiffness parameters of all the elements were similar to what were 

expected. In this case, the stiffness of element 3 is reduced by the largest amount, 

indicating the defect is located in element 3. 

To study the effect of additional response information, the frame was identified with 

10 response time histories. The identified stiffness parameters are summarized in Table 

8, Column 9. As expected, the defect identification becomes much easier when analytical 

responses are used or when additional response information is used. 

Table 8: Stiffness Parameter (EI/L) Identification for the Defective Frame for Example 4 using the 

GILS-EKF-UI Method 

 Identified (EI/L) values in (kN-m) 

  With 9DDOFs With 10 DDOFs 

Mem Nom. Analy. Error 

% 

Experi. Error 

% 

Analy. Error 

% 

Experi. Error 

% 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

K1 96.5 95.1 -1.5 90.4 -6.3 95.7 -0.8 92.6 -4.0 

K2 96.5 94.7 -1.8 90.0 -6.7 95.8 -0.7 92.5 -4.1 

K3 96.5 89.9 -6.8 87.6 -9.2 88.4 -8.4 86.9 -9.9 

K4 242.2 237.4 -1.9 229.3 -5.3 238.8 -1.4 234.6 -3.1 

K5 242.2 235.8 -2.6 228.9 -5.4 236.5 -2.4 235.1 -2.9 

K6 242.2 237.3 -2.0 230.9 -4.6 238.2 -1.7 231.8 -4.3 

K7 242.2 236.3 -2.4 231.9 -4.0 237.8 -1.8 233.1 -3.8 

K8 242.2 237.4 -2.0 229.3 -5.3 239.1 -1.3 234.6 -3.1 

K9 242.2 235.9 -2.6 229.6 -5.2 238.3 -1.6 234.9 -3.0 

 

In all the cases presented here, the GILS-EKF-UI method correctly identified the 

defect-free and defective states of the test frame.  Using experimental and analytical 

studies, the proposed method is conclusively verified.  

9. Conclusions 

A novel structural health assessment method, known as the GILS-EKF-UI method, is 

analytically and experimentally verified.  A two-dimensional three-story scaled test frame 

was experimentally studied.   The instrument configuration and the post-processing of 

the measured responses are briefly discussed. With the help of 4 examples, the defect 

detection potential of the GILS-EKF-UI method is studied. The defect-free frame is first 

identified using the MILS-UI method using analytically generated noise-free and noise-

contaminated 18 responses. The whole frame is then identified using only 12 responses, 

neglecting the vertical responses. The frame is then identified using experimentally 

measured 18 and 12 response time histories.  In all cases, the defect-free state of the 

frame is successfully identified.  As expected, the errors in the identification are the 
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smallest when analytical responses are used to identify the frame. Then, to apply the 

GILS-EKF-UI method, a substructure is defined. The errors in the identification went up 

slightly; however, they were relatively small compared to other available methods in all 

cases. In addition to the minimum responses required to identify the substructure, one 

additional response was added and the whole frame was identified.  The errors in the 

identification went down indicating the beneficial effect of additional information.  Two 

defects in particular; by removing a member and by reducing the cross-sectional area of a 

member over a finite length, are presented in the paper.  In all cases, the GILS-EKF-UI 

method predicted the health of the frame by correctly identifying the defect and its 

location.  As expected, the defect identification becomes easier when the severity of the 

defect goes up.  This analytical and experimental verification studies conclusively 

confirm that the GILS-EKF-UI method can be used to assess structural health using 

limited response information and without using any information on the input excitation 

force in the presence of several sources of uncertainty. It can be used as a nondestructive 

structural health assessment technique. The authors are now in the process of locating 

defects in three dimensional structures.  
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