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Abstract: For the prognosis of structural health, non-destructive defect 

assessment procedures are under active development by the profession. Two such 

procedures now under development by the research team at the University of 

Arizona, are MILS-UI and GILS-EKF-UI. They indicate a considerable 

application potential. The unique feature of the algorithms is that they can 

identify members’ properties and in the process access the health of a structural 

system using only dynamic responses completely ignoring the excitation 

information. Although mathematically elegant, their practical implemental 

potential to identify defect-free and defective (single or multiple defects) states 

need critical evaluation and is discussed in the paper. With the help of an 

illustrative example, it was shown that both the MILS-UI and GILS-EKF-UI 

methods can identify defect-free and defective states of a structure very well. 

Both methods successfully indentified the presence of multiple defects. Ignoring 

responses at vertical dynamic degrees of freedoms did not alter the outcomes of 

the nondestructive evaluation for the problem under consideration. Both methods 

also correctly identified less severe defect in terms of loss of area over a finite 

length. It can be concluded that the methods are capable of identifying small and 

large defects.     

Keywords: Prognosis of structural health, damage assessment, finite elements, Kalman 

filter, system identification, implementation challenges.  

1. Introduction 

Prognosis of structural health is a process of predicting or assessing the extent of 

deviation, degradation or deterioration of structural elements (building blocks of a 

structure) from their expected normal conditions. It has become one of the most active 

research areas in engineering and attracted multi-disciplinary interest to assess health of 

structures in nondestructive ways. Degradation of infrastructures can be expected for 

various reasons including  their normal use and natural aging process,  after they are 

subjected to extreme natural events (strong earthquakes, high wind, etc.) for which they are 

not designed, destructive manmade events (blast or explosion), etc.  All defects are not 

equally important. Also, the severity of defects is expected to depend on their locations.     
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The information on location and severity of defects will help to decide on the effective 

remedial action for a structure, in terms of do nothing, inspect more frequently, repair, or 

demolish and rebuild. This decision analysis framework will establish an effective 

management and maintenance tool considering the life cycle cost of structures and the 

eventual Return-of-Investment (ROI). 

The health of rehabilitated structures also needs to be assessed to establish that all the 

defects were identified and repaired. When location(s) and types of defect are known, we 

have technological sophistication to evaluate their severity. However, for large 

infrastructures systems (bridges, buildings, etc.), location(s) of defects are expected to be 

unknown. Commonly used visual inspections cannot be relied upon or practical to detect 

them. Defects may be hidden behind obstructions or inaccessible. A nondestructive 

structural health assessment (SHA) technique is necessary for the prognosis. The research 

team at the University of Arizona initially developed modified iterative least squares with 

unknown input (MILS-UI) method [1-4].  Then, they proposed the generalized iterative 

least squares – extended Kalman filter – with unknown input (GILS-EKF-UI) method [5].  

GILS-EKF-UI is an improvement of MILS-UI to access structural health using only 

minimum number of noise-contaminated dynamic response information measured at 

preselected locations in a structure. To obtain maximum benefits, several issues on the 

implementation of these methods are discussed in this paper.    

2. The Mathematical Concepts 

Both MILS-UI and GILS-EKF-UI methods are time-domain finite element-based system 

identification (SI) procedures to locate defect at the local element level.  Most SI-based 

SHA approaches use excitation and response information to identify a structure.  Excitation 

information is not available in most cases. It will be desirable if a system can be identified 

without excitation information. For large complicated real structures, the responses can be 

measured at very limited dynamic degrees of freedom (DDOFs) and they always contain 

noise. Also, depending on the size of the defect, the responses could be moderately nonlinear. 

The MILS-UI method is extended to the GILS-EKF-UI method addressing all these issues. 

The basic concepts behind these methods are discussed next.  

2.1  MILS-UI Method 

The (MILS-UI) method [1] is an improvement of the ILS-UI [2] method proposed earlier 

by the research team at the University of Arizona. In both methods, the governing equation 

of motion of a multiple degree of freedom (MDOF) system with Rayleigh-type damping 

can be written in the matrix form as: 

)t()t()t()()t( fqKqKMqM =+β+α+ &&&             (1) 

where M, C, K are the mass, damping, and stiffness matrices of the structure, respectively; 

)t(),t(),t( qqq &&&  are the structural responses of displacement, velocity, and 

acceleration vectors at time t, respectively; α and β are the mass-proportional and stiffness-

proportional damping coefficients, respectively; and f(t) is the excitation force vector. 

In the MILS-UI method, the mass matrix M is assumed to be known. The force f(t) is 

unknown. For Rayleigh-type damping, the parameters to be identified are K and damping 

coefficients α and β.  For their identification, Equation (1) can be reorganized as: 

1mn1hhmn
)t()t(
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= FDA                     (2) 
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where A (t) is a matrix composed of nodal responses in term of displacement and velocity 

( qq &, ) at time t; D is a vector composed of unknown system parameters (stiffness and 

damping coefficients) to be identified; F(t) is a vector composed of unknown input 

excitation and inertia forces at time t; h is the total number of unknown parameters to be 

identified; nm = n × m;  n is the total number of dynamic degrees of freedom; and m is 

the total number of time points of response measurements.   

The vector D in Equation (2) can be defined as: 

     
[ ]T

nenehD αβββ=× ,,2,1,,2,11 k,kkk,kk KK              (3)      

where h = ne + 2;  ne is the total number of finite elements; and ki is a function of (EI/L)i 

for the i
th

  element; E is the material Young's modulus; L is the element length; and I is 

the moment of inertia of the cross-section of the element. 

To solve for system parameter vector D, the least square technique is used to minimize the 

total error, E, in the identification of the structure, i.e., 
2

n

1r

h

1s

ssrr DA(t)FE ∑ ∑
×

= =













−=

m

  

r = 1, 2, … , n x m                  (4)                           

To minimize the total error, Equation (4) can be differentiated with respect to each one of 

the Di parameters as: 
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Equation (5) gives h simultaneous equations and by solving them all unknown system 

parameters can be estimated.  However, since the input excitation f(t) is not known, the 

force vector F(t) in Equation (2) becomes a partially unknown vector. The proposed 

method solves for vector D by starting an iteration process where it is assumed that the 

unknown input forces to be zero at all time points since they are not known. It can be 

demonstrated that this is done in order to obtain a non-singular solution without 

compromising the convergence or the accuracy of the method. The method has been 

extensively verified and found to be efficient and accurate. 

However, the major drawback of the MILS-UI method is that it requires response 

information at all DDOFs. Also, the presence of noise in the responses cannot be directly 

or explicitly addressed in this method. An alternative to MILS-UI is necessary particularly 

to assess health of large complicated structures. 

2.2 GILS-EKF-UI Method      

The Kalman Filter-based algorithm is generally used when responses (noise-contaminated) 

are not available at all DDOFs, but to implement it, the excitation information and the 

state vector must be available. These requirements defeat the purpose of the proposed 

method. To circumvent the problem, a two-stage approach is proposed. In stage 1, based 

on the available response information, a substructure is considered that will satisfy all the 

requirements of the MILS-UI method. At the completion of Stage 1, the time history of the 

unknown excitation force, the Rayleigh-damping coefficients, and the stiffness parameters 

of all the elements in the substructure will be available.  The information on damping will 

be applicable to the whole structure.  The identified stiffness parameters for the 

substructure can be judiciously used to develop the initial state vector of the stiffness 

parameters for the whole structure.  The generated information will satisfy all the 
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requirements to implement the GILS-EKF-UI method.  Thus, in stage 2, the whole 

structure can be identified, satisfying the main objective of the study. 

2.2.1 Stage 1 

All the discussions made in Section 2.1 on the MILS-UI method are still applicable for 

Stage 1 except the mass and stiffness matrices need to be developed only for the 

substructure, as will be discussed in more detail in the example section. 

2.2.2 Stage 2  

In order to apply the GILS-EKF-UI method, the state vector can be defined as:  
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where Z(t) is the state vector at time t, X(t) and X& (t) are the displacement and velocity 

vectors, respectively, at time t for the whole structure, and K
~

is a vector containing the 

element stiffness parameters of the whole structure that need to be identified.  The 

equation of motion can be expressed in a state equation as: 
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In general, Equation (7) can be mathematically expressed as: 

                    
( )[ ]t,tft

dt
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ZZ 

Z
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The initial state vector Z0 is assumed to be Gaussian with a mean vector of 0Ẑ  and a 

constant error covariance matrix of D and denoted as )ˆ DZZ0 ,(N~ 0 . Suppose the 

responses are measured at time tk and tk = k t∆ , where t∆ is the time interval between 

the measurements. Then the observational vector 
kt

Y at time tk can be expressed as: 

                     k
tk

k
t t VZHY += )(            (9) 

where
kt

Y is the observational vector consisting of displacement and velocity observations, 

)( ktZ is the state vector at time tk, H is a matrix containing information of measured 

responses, and
kt

V is the observational noise vector, assumed to be Gaussian white noise 

with zero mean and a covariance of 
kt

R .  It is generally denoted as )(0,
kk tt

N~ RV . 

To initiate the second stage, the initial state vector )(ˆ
0 00 /ttZ  and its error 

covariance ( )00 /ttD  need to be defined. To implement the procedure, only acceleration 

responses at a few DDOFs must be available. The acceleration time histories are 

successively integrated to obtain the required velocity and displacement time histories [3]. 
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Assuming the substructure in Stage 1 has only two elements, one beam and another 

column, and their identified stiffness parameters are k1 and k2, then the stiffness parameters 

of other elements are assigned by considering whether it is a beam or a column.       

The initial error covariance matrix )/t(t 00D contains information on the errors in the 

velocity and displacement responses and in the initial estimate of the stiffness parameters 

of the elements. It is generally assumed to be a diagonal matrix and can be expressed as [4, 

5]: 
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where )/t(t 00xD  is a matrix, assumed to have a value of 1.0 in the diagonals and 

)/t(t 00kD  is a diagonal matrix, contains the initial covariance matrix of K
~

.  Hoshiya 

and Saito [6] pointed out that the diagonals should be large positive numbers to accelerate 

the convergence of the local iteration process.   

Prediction phase: In the context of EKF, the predicted state )(ˆ
k1k /tt +Z  and its error 

covariance )( k1k /tt +D are evaluated by linearizing the nonlinear dynamic equation as: 
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where ]ˆ[ )/t(t;t,t
kkk1k

XΦ +  is the state transfer matrix from time tk to tk+1 and can be 

written in an approximate form as: 

)](ˆ[)](ˆ[ kkkkkk1k /tt;t∆t/tt;t,t ZFIZΦ •+=+   
            (13) 

In which, I = a unit matrix and   
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where Zj = 
th

j  component of the vector Z(tk) .      

Updating phase: Since observations are available at k + 1, the state vector 

)(ˆ
1k1k /tt ++Z and the error covariance matrix )( 1k1k t/t ++D can be updated and the Kalman 

gain matrix )](ˆ[ k1k1k /tt;t ++ ZK  is evaluated.  By taking the next time increment, i.e., k = 

k +1, the system parameters are updated.  This procedure will continue until all the time 

points are used, i.e., k = m, where m represents the total number of discrete time points of 

the measurements.  The iteration process covering all the time points is generally defined 

as the local iteration. When the local iteration procedure is completed, Hoshiya and Saito 

[6] suggested incorporating a weighted global iterative procedure. To start the first global 

iteration, the initial values of )(ˆ )1(
mm /ttZ and )/t(t mm

(1)D from the previous steps can 

be used. In the second global iteration, a weight factor w is introduced to the error 

covariance matrix to accelerate the local EKF iteration.  They observed that to obtain 
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better and stable convergence, the value of w should be a large positive number. The 

prediction and updating phases of the local iteration are carried out for all the time points, 

producing the state vector and the error covariance matrix for the second global 

iteration. The information can then be used to initiate the third global iteration. The 

global iterations are repeated until the stiffness parameters for all the elements are 

estimated by satisfying a predetermined convergence criterion, ε. Since the stiffness 

parameters are of the order of 15,000 in this study, ε is considered to be between 0.1 and 

100. The theoretical basis of the GILS-EKF-UI method is discussed in more detail in [5]. 

3.  Implemental Issues 

Obviously, to implement new methods, several issues need further evaluations. 

Implemental issues for both MILS-UI and GILS-EKF-UI are discussed next with the help 

of an illustrative example. Both defect-free and defective structures are considered for this 

comprehensive evaluation. 

4.  Example   

A five-story one-bay two-dimensional steel frame is considered, as shown in Fig. 1. The 

bay width is 9.14 m and each story height is 3.66 m. All columns are made of W14×61 

and all beams are made of W21×68. The frame has 30 DDOFs. The first two frequencies 

of the frame are estimated to be 3.70 and 11.72 Hz. Assuming damping to be the same for 

both frequencies and following the procedure suggested in [7], the Rayleigh damping 

coefficients α and β are estimated to be 1.0599 and 0.000619, respectively. For the 

structural health assessment purpose, the frame is excited by a sinusoidal load f(t) = 0.045 

Sin (20t) kN at Node 1 at the roof level. To obtain response information, a commercially 

available computer program, ANSYS [8] is used. The displacement, velocity, and 

acceleration are calculated at each DDOF for the time increment of 0.00025 s for a total 

duration of about 2 s. To consider defects in the frame, four defect scenarios are 

considered. Referring to Fig. 1, they are: (i) beam 1 is broken, (ii) beam 3 is broken, (iii) 

beam 5 is broken, and (iv) all three beams, 1, 3, and 5, are broken. To obtain responses 

with broken beams, the area and moment of inertia of the broken beams are considered to 

be 0.1% of the defect-free state. To consider less severe defects, the cross sectional area of 

a beam is reduced over a finite length due to corrosion. Again, ANSYS is used to estimate 

responses at all DDOFs excited by the same sinusoidal load for each defective state. Once 

the responses are available for both defect-free and defective states, the excitation 

information is completely ignored for the structural health assessment purpose. The initial 

finite element representation of the frame is not modified to assess defective states. The 

question remains is what will be the best use of available responses to assess the health of 

the frame. 

4.1  Health assessment for defect-free frame using MILS-UI 

The health of the defect-free frame is identified numerous ways by the MILS-UI method 

assuming responses are available for different time increments and different durations.  

Identified stiffness parameter (EI/L) using responses between 0.02 to 0.32 s and with a 

time increment of 0.001 s for all 30 DDOFs, are summarized in Table 1. Shorter time 

duration and larger time increment are always preferable. The results show that the errors 

in the identification are very small. Also, since the stiffness parameter did not change 

significantly among all the members, MILS-UI confirms that the frame is defect-free. 
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4.2  Health assessment for defective frame using MILS-UI             

The frame with four defective states discussed earlier is next identified with the MILS-UI 

method using responses between 0.02 to 0.32 s and with a time increment of 0.001 s using 

all 30 DDOFs. The results are summarized in Table 2. For broken members, the stiffness 

parameter is expected to be close to zero. In all four cases, it is close to zero and 

significantly different from the stiffness parameters of the defect-free members, clearly 

identifying the defect locations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Five-story frame excited by one harmonic load and the substructure needed for GILS-

EKF-UI in stage 1 

4.3  Health assessment for defect-free frame using GILS-EKF-UI 

The defect-free frame is then identified using the GILS-EKF-UI method. The substructure 

used in Stage 1 is shown in Fig. 1. The identified stiffness parameter for the two members 

in the substructure and the excitation force were identified very accurately, as shown in 

Table 3a. In Stage 2, all the members of the frame were identified using the method using 

responses at different numbers of DDOFs and the results are summarized in Table 3b. The 

maximum error in the identification is about 6%, however, the error is only 1.7% when 

responses at 18 DDOFs are used, indicating the benefit of additional information. 

4.4  Health assessment for defective frame using GILS-EKF-UI 

Defect states 2 and 3 are then considered and the GILS-EKF-UI method is used to identify 

the defects in the frame. Results for Stages 1 and 2 are summarized in Table 4. The 

stiffness parameters for the defective elements are quite different than that of defect-free 

members indicating the potential of GILS-EKF-UI to identify the defective states. 
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4.5  Presence of multiple defects 

A structure can have multiple defects. Defect case 4 reflects this situation where three 

beams are broken. The results shown in Table 2 confirm that MILS-UI can identify 

multiple defects. 

Table 1: Stiffness parameter (EI/L) identification for the defect-free frame 

  Stiffness parameter  (EI/L) values in (kN-m) 

Member Nominal Identified Error % 

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

k1 13476 13477 0.008 

k2 13476 13477 0.007 

k3 13476 13477 0.006 

k4 13476 13477 0.006 

k5 13476 13477 0.006 

k6 14553 14554 0.008 

k7 14553 14554 0.009 

k8 14553 14554 0.007 

k9 14553 14554 0.007 

k10 14553 14554 0.006 

k11 14553 14554 0.006 

k12 14553 14554 0.006 

k13 14553 14554 0.006 

k14 14553 14554 0.006 

k15 14553 14554 0.006 

Table 2: Stiffness parameter (EI/L) identification for the defective frame 

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

Member Nominal Defect 1 Defect 2 Defect 3 Defect 4 

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

k1 13476 1 14173 13571 22 

k2 13476 14293 14034 13594 15556 

k3 13476 14162 55 13590 30 

k4 13476 14122 14901 13588 16332 

k5 13476 14111 14864 27 27 

k6 14553 15426 15299 14661 16830 

k7 14553 15662 15277 14664 17738 

k8 14553 15298 15107 14675 16500 

k9 14553 15356 15113 14676 16620 

k10 14553 15269 16120 14674 17807 

k11 14553 15263 16120 14674 17786 

k12 14553 15243 16063 14673 17541 

k13 14553 15243 16063 14673 17529 

k14 14553 15238 16051 14787 17671 

k15 14553 15238 16051 14787 17659 
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4.6  Number of responses accuracy of identification 

It is observed that responses in the vertical direction are at least two orders of magnitudes 

smaller than the horizontal responses. To implement the MILS-UI method, measurement 

of vertical responses is expected to cost money and effort. To study the significance of 

vertical responses, the defect-free and defective frames are identified using responses at 20 

DDOFs, completely ignoring the vertical responses. The results are given in Table 5.  

Table 3: Stiffness parameter (EI/L) identification for the defect-free frame using GILS-EKF-UI 

a – Stage 1 - Substructure identification 

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

Member Nominal Identified Error % 

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

k1 13476 13478 0.01529 

k6 14553 14555 0.01535 

 

b – Stage 2 

  

  Identified (EI/L) values in (kN-m) for the whole frame 

Member Nominal 9 DDOFs 12 DDOFs 15 DDOFs 18 DDOFs 

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

k1 13476 13594 13507 13501 13490 

k2 13476 13369 13329 13462 13512 

k3 13476 13794 14260 13676 13492 

k4 13476 13904 12641 13529 13626 

k5 13476 13746 13977 13416 13397 

k6 14553 14529 14599 14559 14535 

k7 14553 14444 14599 14560 14537 

k8 14553 14115 13710 14496 14534 

k9 14553 14987 13681 14278 14534 

k10 14553 13866 15118 14655 14342 

k11 14553 14026 15023 13873 14331 

k12 14553 14025 14782 14185 14382 

k13 14553 13986 15028 14536 14331 

k14 14553 14321 14359 14733 14758 

k15 14553 14352 14242 14901 14803 

 

As expected, the errors in the identification went up slightly, but the overall conclusion 

that the frame is either defect-free or defective is still valid. Even with reduced responses, 

the MILS-UI method correctly identified all defective states very well. The results indicate 

that the vertical responses can be ignored to implement the procedure saving a 

considerable amount of money and effort. 
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4.7  Other less severe defect 

Instead of a broken member, a less severe defect is considered next. Suppose the cross 

sectional area of the beam at the first floor level (Element 5) is corroded over a length of 

10 cm, located at a distance of 1.5 m from Node 9, as shown in Fig. 1. The flange and web 

thicknesses are considered to be reduced by 50% resulting the cross sectional area reduced 

by 50.47% and the moment of inertia reduced by 52.14%. Both MILS-UI and GILS-EKF-

UI are used to identify the defect and the results are summarized in Table 6. The stiffness 

parameters (k5) changed the maximum amount in both cases, indicating that it contains the 

defect. 

Table 4: Stiffness parameter (EI/L) identification for the defective frame using GILS-EKF-UI 

a – Stage 1 - Substructure identification 

 

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

  Defect 2 Defect 3 

Member Nominal Identified Error % Identified Error % 

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

k1 13476 13478 0.0100 13478 0.0127 

k6 14553 14554 0.0099 14555 0.0128 

b – Stage 2 

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

Member Nominal Defect 2 Defect 3 

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

k1 13476 8656 13305 

k2 13476 10797 13290 

k3 13476 709 16197 

k4 13476 9132 6793 

k5 13476 28331 1251 

k6 14553 13890 14476 

k7 14553 14205 14603 

k8 14553 17081 14328 

k9 14553 17021 14318 

k10 14553 10436 17427 

k11 14553 11452 17325 

k12 14553 21156 13242 

k13 14553 19316 12657 

k14 14553 24761 15037 

k15 14553 27147 16202 

5.  Conclusions 

The concepts behind two nondestructive structural health assessment techniques now 

under development at the University of Arizona are presented. Several implementation 

issues are discussed. With the help of an illustrative example, it was shown that both the 

MILS-UI and GILS-EKF-UI methods can identify defect-free and defective states of a 

structure very well. Both methods successfully indentified the presence of multiple 

defects. Ignoring vertical DDOFs did not alter the outcomes of the nondestructive 
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evaluation. Both methods also correctly identified less severe defect in terms of loss of 

area over a finite length. It can be concluded that the methods are capable of identifying 

small and large defects. 

Table 5: Stiffness parameter (EI/L) identification with 20 DDOFs 

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

Member Nominal Defect-free Defect 1 Defect 2 Defect 3 Defect 4 

(1) (2) (3) (4) (5) (6) (7) 

k1 13476 13478 1 13444 13571 21 

k2 13476 13478 14628 13382 13594 15251 

k3 13476 13477 14409 58 13590 27 

k4 13476 13477 14289 15684 13588 16944 

k5 13476 13477 14233 15458 27 -3 

k6 14553 14555 15771 14515 14661 16486 

k7 14553 14555 16164 14517 14664 17114 

k8 14553 14554 15574 14427 14675 16111 

k9 14553 14554 15677 14429 14676 16318 

k10 14553 14554 15502 17041 14674 18889 

k11 14553 14554 15467 17040 14674 18732 

k12 14553 14554 15383 16739 14673 17867 

k13 14553 14554 15392 16739 14673 17880 

k14 14553 14554 15353 16635 14787 18742 

k15 14553 14554 15349 16635 14787 18753 

Table 6: Stiffness parameter (EI/L) identification 

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

  MILS-UI GILS-EKF-UI 

  30 DDOFs 20 DDOFs 18 DDOFs 

Member Nominal Identified Error % Identified 
Error 

% 
Identified 

Error 

% 

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

k1 13476 13437 -0.29 13451 -0.19 13490 0.10 

k2 13476 13440 -0.26 13454 -0.17 13511 0.26 

k3 13476 13443 -0.25 13457 -0.14 13493 0.12 

k4 13476 13443 -0.24 13459 -0.13 13618 1.05 

k5 13476 13232 -1.82 13248 -1.69 13187 -2.15 

k6 14553 14511 -0.29 14525 -0.19 14536 -0.12 

k7 14553 14512 -0.28 14528 -0.17 14538 -0.10 

k8 14553 14516 -0.25 14537 -0.11 14534 -0.13 

k9 14553 14516 -0.25 14525 -0.19 14534 -0.13 

k10 14553 14522 -0.21 14516 -0.25 14354 -1.37 

k11 14553 14513 -0.27 14551 -0.01 14343 -1.44 

k12 14553 14575 0.15 14592 0.27 14271 -1.94 

k13 14553 14460 -0.64 14477 -0.52 14317 -1.62 

k14 14553 14588 0.24 14680 0.87 14847 2.02 

k15 14553 14448 -0.72 14396 -1.08 14815 1.80 
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