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Abstract: System Identification is an important concept in numerous engineering fields, such as those
of structural, mechanical and aerospace engineering. It could be said that the purpose of System
Identification is the determination of the dynamic characteristics of systems, which are, in addition to
the frequencies, mode shapes, damping ratios and other modal characteristics, the matrices
corresponding to mass, viscous damping, stiffness, Coulomb damping and Duffing stiffness. Without
access to dynamic characteristics of structures, a well-defined diagnosis of the situation and of the rate
of damage is not possible. If some of the nonlinear characteristics of structures, such as Coulomb
damping and Duffing stiffness, are taken into account then identification errors can be reduced. In
some cases, e.g. in the Damage Detection of structures, identification of the characteristic matrices of
the system (mass, damping, stiffness, etc.) is as important as the modal characteristics (frequency,
mode shapes, etc.), or even more so, and by identifying them it is possible to achieve damage
diagnosis. A general solution method, named the "matrix solution method" which can be used for such
identification purposes is presented in this paper. Then, after reviewing the application of free vibration
conditions instead of forced vibration conditions, a strategy called" Added Mass" is described. Within
the framework of this strategy, two methods that are based on the matrix solving method, named
"Independent Added Changes and "Dependent Added Changes" have been developed. In order to
verify the test performance of these methods in structures, a numerical model and two laboratory
samples were evaluated. In the special case of shear structures an algorithm, named "Backward
Algorithm", has been developed, and its accuracy has been investigated by means of numerical
analysis and laboratory measurements. In the case of all the presented methods, identification of the
characteristic matrices of system can be done if a number of conditions are fulfilled. Firstly, the
modelling must be suitable for construction feasibility; secondly, the topology and number of DOF of
structure must be specified and proportionally; and thirdly, the process for embedding the equipment
(i.e. simulators, sensors, and similar) must be designed and installed according to topology and number
of DOF of structure. Apart from this final noise reduction of the responses must be performed,
according to logical processing. In these methods, low frequency noises must be reduced by base line
correction, whereas high frequency noises must be reduced by smoothing in the time domain. Noise
reduction is important and unavoidable if errors in these methods are to be reduced, which is
recommended in the field of structural identification.
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INTRODUCTION

In comparison with other methods for the identification of mechanical systems, the System Identification of
structures has, in general, many complexities (Rodeman R. and J.T.P. Yao 1973) In 1989 Imai listed the
problems and complexities of the identification of structural systems, and their reasons 1- System Identification
of structures is wide and has complex dimensions so that the definition of a mathematical model which would
be able to explain the mechanical behaviour of structures is difficult. 2- Structures are unique in terms of design
and construction. 3- Access to input and output data is limited. 4- Input and output data are stained by noises. 5-
Structures have nonlinear behaviour in failure conditions. In addition to the problems which are involved in the
creation of a comprehensive mathematical system, these complexities cause some uncertainties in the
identification process. However, signal processing is a most powerful idea, and remains as the dominant concept
in the field of System Identification.

Many researchers in the field of Damage Detection have been of the view that system stiffness changes are
the most important factor when considering damage and have presented methods for the determination of the
stiffness matrix of structures. Doebling, Farrar and Prime were pioneers of a methodology in the field of damage
identification, and in 1996 presented a review of the technical literature and a description of general ideas for the
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identification of damage, categorizing the methods which are based on changes in the stiffness matrix among
laboratory methods (Doebling S.W. et al., 1996).

In 1997 Housner classified System Identification methods as one of the major subgroups of Damage
Detection (Housner G.W. et al., 1997). Many researchers also define Damage Detection as a logical compilation
of System Identification and the design criteria (Natke H.G., 1997).

By grouping together the existing Damage Detection methods, in 2002 Wang and Zong categorized the
System Identification methods as an analytical subgroup of Damage Detection (Wang T.L., Zong Z.H, 2002).
The most common methods of System Identification are those which assess the dynamic responses of structures.
On this basis, in 2003 Young introduced and compared System Identification methods based on dynamic
response. and suggested them for the monitoring of structures (Yong X., 2003).

In 1974 Richardson and Potter provided a method for the identification of linear elastic structures by
measuring response, applying the Fast Fourier Transform to the data and then, based on the least square error,
made estimates of the structure modal characteristics such as the frequencies and mode shapes. The proposed
method was tested on laboratory samples and favourable test results were obtained (Richardson M., Potter R.
1974).

In 1987 Richardson and Potter proposed a method for the determination of structural dynamic
characteristics using a Frequency Response Function. In this method the System Function is obtained in the
frequency domain by applying the Laplace Transform into the motion equation, Using this function and
measured responses, the matrices corresponding to the mass, damping and stiffness were determined. Their
numerical example was a five degree of freedom structure. In the case without noise, this method provided
acceptable results, the largest errors being obtained in the damping matrix (Shye K., Richardson M. 1987).

In 1997 Serban et al., offered a Dynamical Systems Identification algorithm through comparative data with
the acceleration history at a point of the system. In this algorithm, nonlinear algebraic and differential equations
were solved by the least square error method and best controlled responses were obtained. Paying to talk about
Noise Reduction in signal processing is the highlight of their research (Serban R., Freeman J.S., Negrut D.
1997).

In 1997 Kiremidjian et al.,, theoretically discussed the issue of System Identification and general
considerations in designing detection systems and the relationship between sensors and processors of the
identification and detection system (Kiremidjian A.S. et al., 1997).

In 1999 Juang and Longman proposed an identification method in which the output error is minimized and
the structural model is updated. They applied this method to a vertical truss that was fixed at its upper end and
showed that, if compared to the model-based method of the Kalman filter, this method has better performance
and accuracy (Juang J.N., Longman R.W. 1999).

Masri et al., by an Adaptive Neural Network, including a MIMO filter (Multi-Input Multi-Output) and a
Volterra/Wienner training algorithm, studied the System Identification of nonlinear structures. In this study, the
function of the stored forces in the system, which is typically a continuous nonlinear function of the dynamic
and mechanical parameters of the structure, was assumed as the unknown function and its dynamic effect was
investigated (Kosmatopoulos E.B.).

The algorithm proposed in 2001 by Mevel was based on the identification of subspaces of the system,
which were able, while following the changes in the linear dynamic eigenstructure, to detect the damage and
specify its location by a Finite Elements analysis. In the case of this damage detection algorithm, they studied
damage to a steel structure with eight natural modes and also to a three-bay bridge. Two separate scenarios of
damage were defined for the bridge, and the results obtained were compared with those for a healthy structure.
The first to the fourth frequencies of bridge structure in both damage scenarios did not change perceptibly and
the defined statistical criteria showed damage to the bridge perfectly (Mevel L. et al., ).

In 2002 Caicedo and Dyke proposed an algorithm for structural health monitoring that measured the
structure’s responses and identified its stiffness parameters. By means of a test on a four-storey structure they
showed that the proposed algorithm, which in fact was based on Finite Elements, has provided the desired
results. They also studied accuracy of the method in different modes and concluded that in higher modes more
errors would enter into the results (Caicedo J.M., Dyke S.J. 2002).

In 2003 Yang et al., identified a four-storey benchmark structure by the Adaptive Tracking Technique
method. This method, which is based on the least square errors method, showed damage on the first floor of the
structure by following changes not only in its stiffness, but also in its damping (Yang J.Y., Silian Lin S. Pan S.
2003).

Fekri-Asl et al., evaluated a method called Multiple-Model Adaptive Estimation based on the Kalman filter
application in the discrete time domain, for the identification of a mass-damper-spring composite system. This
method, without specific structural weight of the structure, is able to identify various types of structures only by
the measured noised responses. In a system with four degrees of freedom the results were acceptable (Fekri Asl
S., Athans M. Pascoal A.).
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Giraldo et al., identified two laboratory sample structures by two different methods based on the Eigen system
Realization Algorithm. In the second method, which was in fact a modification of the first method, a Feed-Back
process in control force format was added to the realization algorithm. The results showed that the Feed-Back
force, in both samples, makes modal analysis closer to the real results (Giraldo D.).

In 2004 Moaveni, Masry et al., 2004 combined the Eigen system Realization Algorithm with the method
called "Natural Excitation Technique and identified the Vincent Thomas Bridge, which is located in San Pedro
near Los Angeles. By recording the bridge acceleration response to environmental wind excitation they achieved
the bridge’ s frequencies, mode shapes and damping ratios and compared them with the values obtained from
Finite Element analysis. They reported acceptable results (He X. 2004) and recommended environmental
excitation applications in the System Identification and Damage Detection process.

By combining together the Wavelet Transform method and an Artificial Neural Network Morimoto et al.,
trained a network that was able to identify the stiffness of a shear structure only by measurements of the
acceleration response record. In this method the masses were assumed to be known. They applied this method to
identify a three DOF structure and showed that if the training data were increased by a factor of about two, the
errors did not decrease but increased (Morimoto A., S. Ozawa and R. Ashino).

Pilkey et al., have suggested two methods for the identification of the system damping matrix. One of these
methods calculates values of the damping matrix by iteration solving of the eigenvalue equation, whereas the
second method is based on the least square error theory. In both of these methods the mass matrix is assumed to
be known and the damping matrix is obtained by measurement of the mode shapes. In these methods the
damping of structures was considered to be non-classical (non-proportional), so that the results are close to
reality. Additionally, in these methods the noise problems in the responses have been predicted (Pilkey, D.F.,
K.P. Roe and D. J. Inman).

In System Identification current methods, according to the described reasons, there is a lack of a method
which could identify all the system characteristic matrices under different conditions (noise, Coulomb Damping,
high order stiffness). For this reason new methods will be presented which show that this deficiency is rising.

Theoretical Basis of The Proposed Methods:

In the methods that are proposed in present paper, the System Identification process is based on the
measurement of dynamic velocity (or acceleration or displacement) responses of a small number of the
structure’ s degrees of freedom under excitation on the same predetermined degrees of freedom. In these
methods the following assumptions were made:

1- Structural deformations are in the elastic zone.

2- The structural DOF of the system is known.

3- The mass, viscous damping, coulomb damping, elastic stiffness and Duffing stiffness matrices of structural
system are unknown.

4- The structure vibrates under the dynamic load of the excitators and the dynamic responses are measured by
sensors. The number of excitators is equal to the chosen DOF and the exciting forces act in the chosen DOF’s
directions. Each of excitators should be able to produce the desired force with a definable time history.

5- The number of required sensors is equal to the chosen DOF, too. Sensors must preferably measure
acceleration, velocity and displacement responses simultaneously. Obviously, if there is at least one of these
responses, the other two responses can be calculated analytically (by differentiation or integration). Considering
these assumptions, the Motion Equation of the structural system in rectangular matrices format, related to (1-a),
will be:

MNXN['.X.-]NXNO + CNXN['X.-]NXNO + KNXN[x]NXNO + CI\C/‘xN[Sign(x)]NxNo + KZ?XN[x:"]NxNo = [f]NxNo (l_a)

where: My v, Crons Kyens CAC,X,V,K ,exN, respectively, are the mass, viscous damping, elastic stiffness,
Coulomb damping, and Duffing stiffness matrices of the structural system. N is the number of DOF, No is the
number of time steps. [X] yuno s [X] vno o [X] vno s LST€7(X) ]y » [x7], respectively, are the acceleration,

velocity and displacement responses, the sign functions of the velocity, and cubic values of the displacement. In
such a form of the Motion Equation, the unknown matrices of mass, viscous damping, elastic stiffness, Coulomb
damping and Duffing stiffness can be obtained by the Matrix Solution according to (1-b).

M ¢ kK ¢ K]y =0 lupimlf % x sign() x*] vesw (1-b)

By eliminating the Coulomb and Duffing effects on the system, the Motion Equation, related to (1-c), will
simply be:
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M o X veno T Cran [XTneno T K pan [T weno = [ T (1-¢)

Due to various constraints, including the limited number of excitators and sensors, simultaneous excitation
of all of the structure’s DOF and measurement of all responses is too expensive and therefore not usually
feasible. For this reason it is necessary to use structural subspacing principles and to install a limited and
proportionate number of excitatory-sensor units on specified degrees of freedom. Hence, the Motion Equation is
required to evaluate from a vision of structural subspacing or substructuring. The Motion Equation of a shear
structure can, in case of a limited number of DOF, be rewritten according to (2).

M, o, o,]x) [c, c. 0,(x) [K, K, 0,7x) [0

aa ae ab a aa ae ab a a a

0 M Oeb ‘X-e + Cea Cee Ceb xe + K ea K ee Keb X = f;) (2)

ea ee e

Oba Obe Mbb jé/: Oba Cbe Cbb xh Oha Kbe Kbb Xp 0/7

Where: e ,is the number of DOF which are excited and measured by excitator-sensor units, a and b, are the
number of DOF on which excitator-sensor units have not been applied. M, ¢...-Myp¢ Cppt...¢CppeK 6. <K, are
the several partitions of the mass, damping and stiffness matrices, which partition them. By an elimination of
some of the rows and columns of Eqn. (2), Eqn. (3) can be obtained:

M, % +C,% +K, x, = f 3)

where: M,, C, and K,, are, respectively, the dynamically condensed matrices of mass, damping and
stiffness. Each one of these condensed matrices is a non-analytical function of the partitions listed above. By
rewriting Eqn. (3) to form an equation system, Eqn. (4) can now be obtained:

m, ¢, k. l& <] =0/l @

In such a form of the Motion Equation, the condensed matrices of mass, damping and stiffness which are
unknown can be obtained by the Matrix Solution according to (5).

[Me C, K, ]L,X3L, =/ Tnwno .inv[)'c'e X, X, ];xzvo )

In fact, the coefficient matrix [)’C‘e X, X, LTeX o

of this matrix, the Singular Value Decomposition (SVD) method can be used. In order to obtain the unknown
matrix of Eqn.(5), there is a discussion about the relation between the number of time steps and the number of
degrees of freedom, as follows:

is an augment matrix of rank 3e X No . For inversion

(a) If No < 3e then the unknown matrix [M, C, K] will be uncertain.
(b) If No =3e then the coefficient matrix [56'6 X, X, ];X v, Will be a square matrix, and the unknown
matrix [M, C, K_,] will be calculated (a rare case).

(c) If No > 3e then the coefficient matrix [556 X, X, ]:ex v, Will be a rectangular matrix, so it may be

invertible. In such a case inversion can be performed by using the SVD method.

In shear structures the condensed matrices M,, C,, and K, are asymmetric and their first and last rows’
values are assigned to dynamic condensation (false values), but the intermediate rows’ values obtain the exact
values of the original main matrices. For example, in the case of only floors p to q of a shear structure are
excited, the condensed matrices will be obtained in the general forms of Eqns (7).

X X X X 3 X

(7-a)
0 m,, 0 - 0 0 0
0 0 m,, 0 0 0
M, : : : .
0 0 0 m, 0 0
0 0 0 m,, 0
x o XX X x
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i X X X X X ]
Chy o CptC € s 0 0
0 -c c ., tc 0 0
p+2 p+2 pt3
C = . : (7-b)
0 0 cote,, -C, 0
0 0 €y ¢ te, -,
X X X X 5
B X X X X X X ]
- kp+1 kp+l + kp+2 - kp+2 O 0 0
0 - kp+2 kp+2 + kp+3
K= : : R : : (7-¢)
0 0 0 kq_2 + kq_1 kq_1 0
0 0 0 ko kg tk, -k,
X X X .

where the boundary array values shown by (X) are false.
The equations of System Identification are soluble in the frequency domain and can be shown as separate
formed equations according to the Eqns.(8).

M, C, KX X X)] =[F(o)] (8-a)
[M, C, K,1[Re(X(»)) Re(X(w)) Re(X(w))]"=[Re(F(w))] (8-b)
M, C, K]JImX(0) ImX(w) InX()]" =[InF )] (8-¢)

where: X (), X (@), X(w) and F(w), are, respectively, the Fourier Transforms of the acceleration,

velocity, displacement and excitation force.

The solution in the frequency domain provide an important possibility that the answers obtained by each of
Eqns (8), can be compared with each other, in order to control the preciseness of the obtained answers and the
possibility of error caused by noise can be commented on.

By changing the position of a specified number of excitator-sensor units and repeating several times the
excitation-measurement process, system characteristic matrices will be obtained. For example, if we want
identify an eight-floor shear structure by four excitator-sensor units-sensors, we can measure three times in
order to perform this identification. Figure (1) shows the different stages of the identification process and the
stages in the case of the eight-floor structure.

g
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o e — SO — s 6O -_j‘ —
Bt :[ 15 K0 " 5
400, 5y fal i _J va
0] RETRE- . } 3 /
—= _I y
A —F2 _ _-j
B | i { /
— —— e R A

Fig 1: Phases of the identification process in the case of an eight-floor structure.
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The Matrix Solution Method is highly sensitive to instrument noise on the responses and can cause very
large errors in the results. The reason for this phenomena is the accumulation of errors in the multiplication and
inversion operations of the matrices. Thus, for the solution of the identification equations an algorithm called
"Backward Algorithm" has been developed, and its use is proposed for the identification of just shear structures,
in which case instead of multiplication and inversion operations of the matrices, some simpler calculations are
performed. As a result systematic errors do not accumulate in the results.

Principles and Formulation of “Backward Algorithm:

To avoid error accumulation due to inverting operations and matrix multiplication, the "Backward
Algorithm" tries to deform the unknown matrices into a diagonal formation because the diagonal matrices allow
solving of the equations line by line. The traditional way to diagonalize matrices is eigenvalue analysis, but,
since the system characteristic matrices are unknown, this solution method has to be dropped. Instead of
eigenvalue analysis, the matrices can be diagonalized using a matrix that can convert a trigonal symmetric
matrix to a diagonal matrix. This matrix is defined by Eqn.(9).

1 0
-1 1 0 0
A=l 0 )
0 ° 1 0
L -1 .

By left and right multiplication of matrix / T and matrix 4™ to the damping and stiffness matrices of the
shear structure, the latter become diagonal, as is shown by Eqn. (10).

(X A+X, -X, 0 o] [x, 0 0
-X, X, tX; 0 0 X,
A7) " A : (10)
0 XN—1+XN _XN XN—I
L0 0 -X,  X,| |o o 0
If the identity matrix A A is inserted into the Motion Equation, Eqn.(11) is obtained:
M) +C. AT AX)+K AT AX() = f(1) (11)

The Relative Displacement (or Drift) z(¢) and Relative Velocity Z(¢) can now be defined according to

the Eqns.(12).
z(t) = A.x() (12-a)
z(t) = A.x(¢) (12-b)

And by left multiplication of matrix A7 into Eqn.(11), we obtain the specified form of the Motion
Equation in term of the absolute acceleration, the relative velocity and the relative displacement, as the

Eqn.(13).

M * 5(t)+C* () + K * .2() = £ *(t)

where: M *, C*, K* and f * () are defined by the Eqns.(14).
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m, m, my
0

mx=| T (14-2)
0 0 my
c, 0 0
0 c, 0

C* = : (14-b)
0 0 Cy
k, 0 0
0 k, - 0

K*= R : (14-c)
0 0 - k,

@) =" f(@) (14-d)

Thus, using matrix / the damping and the stiffness matrices can be converted to a diagonal form and the
mass matrix deformed to an Upper Triangular matrix. In fact, this type of diagonalization is an Uncompleted
Decomposition. Now using the "Backward Algorithm", the array values of the mass, damping and stiffness
matrices can be calculated from the Eqns.(15).

j=N
[jéN,] jéN,Z XN.NQ]
[my oy kylIZ Zwa 0 Zawod [T0A0 Mz o Sl
[ZN,I ZNna T ZN,N()]
j=N-1
[X-N-l,l X-N-l,z jéN-l.No]
[y o Kl Eaan Zvaz 0 Zvaned [T s Sraz o feed-mylé ¥ 0 Xyl
[Zx1 Zna2 7 Zneiol
J=1]
[, ¥, o ¥l N
[mJ ¢ k_,]- [2_..| 2_..2 z‘J.No] :[f;,l fj*z fj,No]‘zmi-[jé..l Xpo o Xineld
_[ZJ,] Zip "t Zj.No] o
st (15)
[551,1 jél,z xN-J.Nu] N
[m| (&} kl]' [21,1 21,2 z-N-j,Nu] =[f1,1 fl,z ﬁ,N(»]_Zmi'[jéi,l Xi,z X-i,Nu]
7[21.1 Zip ZN—_|.N0] =

Although, for the solving of identification equations, the "Backward Algorithm" has some advantages, such
as high calculation speed and quick convergence of the results, it can only be used for shear structures.

Principles and Formulation of The "Independent Added Changes' Method In The Free Vibration Case:

Just from the viewpoint of the proposed Identification methods, measurements of a structure' s free
vibration parameters (acceleration, velocity and displacement) is a more difficult problem, but for the following
reasons it has some advantages over measurements of structural responses to forced vibration:

(a) By defining the applicable initial conditions, free vibration occurs, but external excitation requires optimum
conditions, regular control of the vibrations, and continuous feedback.
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(b) In the forced vibration case, in order to reach to larger amplitudes of responses, the excitation force
frequency must be close to the first natural frequency of the structure, so that the structure is forced into
resonance. Since in such a state participation of the other modes will be reduced, so that acceptable frequency
content diversity of the response for the identification of the system is not achieved.

On the other hand, in the free vibration case, because the right hand side of the Motion Equation is zero,
direct application of the Matrix Solution is not possible and the arrays of unknown matrices will be zero. One
way to obviate this problem is to develop an alteration to the system’ s dynamic behaviour by applying
predefined changes to the system dynamic characteristics. By adding mass, damping or stiffness to the system
and applying free vibration, another independent Motion Equation can be developed, which will solve the
problem of the right hand side being zero. This solution method, which is called the "Independent Added
Change" method, can be explained as follows:

The free vibration equation of the main system (there are no changes in the dynamic characteristics)
mentioned to Eqn.(3), can be rewritten as the Eqns.(16).

M, i +C,x, +K,x, =0, (16-a)

e, mik ko« )= (16-b)

e

In equation (16-b) the augmented matrix of the measured velocity and displacement responses

(lx, x, T) forms the matrix of coefficients. According to Eqn. (5) the unknown matrix

lM‘;].Ce Me'l .KEJ will be obtained as Eqn.(16-c).

e, M7k =5 amli, xT (16-c)

Now if a certain change, which refers to an "added change", for example, is applied in the mass matrix
(naturally, the change must be small, and cause no large effects on the damping matrix) the Motion Equation of
second free vibration will be formed independently as Eqn.(18).

M, +dM).y,+C,y,+K,.y, =0, (18-a)
(ar, +am)' ¢, (v, +am) & N, ».J =-3, (18-)

where: the pre-defined matrix dM is the "Added Change Matrix of Mass" (note that: dM << M), ,,

)'/e ,and y,, respectively, are the acceleration, velocity and displacement of the second free vibration under the

added changed condition. By a similar explained procedure, the unknown  matrix

[(Me +dM )'.C, (M,+dM )’ .KEJ can be obtained as Eqn.(18-c).

(a1, +am ) ¢, (a, +am)' & =5 imly, v, (18-¢)

By determination of two unknown matrices mentioned under (16-c) and (18-c), first the mass matrix M, and
then the two other characteristic matrices (C, and K,) can be obtained.

Principles and Formulation of The ""Dependent Added Changes' Method In The Case of Forced Excitation:
It will be stated here that external excitation applies to a limited number of DOF of structures only. It will
be shown that in this case, with the added changes, it is possible to identify the system. The method developed
in this context is called "Dependent Added Changes in the forced excitation case”.
If the excitation force is applied to a limited number of DOF of a structure, then those components of the

vector f, (mentioned in Eqn. (2) that corresponding to these DOFs have non-zero values and other components

of the vector fe have zero values. In such a situation, in the case of shear structures, the system of equations

will be soluble by the "Backward Algorithm" method, providing primarily that the last row is replaced by a non-
zero component row of the force vector and then a backward solution process is started. This efficiency of the
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"Backward Algorithm" method also leads to other states. But the Matrix Method is unable to solve the equation
in such a case, since, for each zero component row of the force vector, zero values arrays are obtained for the
unknown matrices.

To overcome this problem in the matrix solution method, the "Added Changes" method is still proposed: by
applying some added changes to the system' s dynamic characteristic matrices and creating a second excited
vibration, the force vector can actually be eliminated from the equations. Thus for certain additive changes in
the mass matrix, the Motion Equation mentioned in Eqn. (3) can be rewritten as Eqn. (20) (Remember: the
change must be small and cause no large effects on the damping matrix).

(Me_l_dM)'j}e_l—Ce'j}e_l—Ke'ye:f‘e (20)
With the subtraction of Eqns.(3) and (20), the Eqn.(21) is obtained:
Me'(j}e - xe) + Ce'(.).;e - xe) +Ke(ye - xe) = _dMye (21)

The Eqn. (21) indeed is a hybrid equation of two systems under the same external excitation, which
completely can be solved by Matrix Solution, according to Eqn. (5).

Numerical Simulation:
For an analytical review of the proposed methods’ accuracy the eight-storey structure shown in Figure (1),
specified with dynamic characteristic matrices according to Eqns. (22), has been assessed.

[m, - m]=[1.7 16 1.5 1.4 13 12 1.1 1.0].10000 ki% (22-a)
1 8 g

[, -+ ¢]=[20 20 1.7 1.6 15 13 1.1 1.0].50 % (22-b)
[k, - kg]=[1.25 120 1.10 1.10 1.05 1.00 0.95 0.90].8000 :—fl (22-c)

_..yS

Fig. 2: Phases of the identification process of the "added mass" eight-storey structure.

This numerical model was studied by a four excitator-sensor unit and its responses were measured during
six consecutive tests. It was finally identified by the "Dependent Added Changes" method. In each test a

harmonic excitation force of 10sin(2mt) kgf is applied to the top floor. On this basis and assuming:

g =1000 C'C“z , a time step: At =0.02sec and number of steps: No =1251, the "Added mass" on each

S

2
floor is about IOOO% .The following process is then conducted: 1- The Model is three times dynamically
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analyzed by the Newmark numerical method in three phases (Fig. 1). The obtained responses from this dynamic
analysis are assumed as measured responses of the unchanged system. 2- The known "added mass" matrix is
applied and the model is again three times dynamically analyzed by the Newmark numerical method, in three
phases (Fig. 2). The obtained responses from this dynamic analysis are assumed as measured responses of
changed system. 3-Then the model is identified by the "Dependent Added Change" method and the
characteristic matrices of system are obtained. It was observed that the obtained matrices are exactly equal to the
given ones.

Experimental Verification:

The proposed methods were also studied on two laboratory-scale specimen structures. In laboratory
conditions environmental and the instrument noises exist, but as submitted, their amplitudes are in a relatively
low range, so only a small error will be caused in the results.

Four-Floor Specimen Structure In Free Vibration:

A four-storey specimen structure was built and tested in the laboratory, according to Figure (3-a). Its
geometrical and mechanical properties are shown in Figure (3-b) (where the masses and the added masses of the
floors are given in terms of kg and the storey heights are specified in cm).

TN

Fig. 3-a: Four-storey specimen structure.
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Fig. 3-b: Four-storey specimen structure properties, without and with the "Added Mass.

The specimen structure with original mass (no added mass) was free vibrated by a 2cm initial displacement
in the top floor and the accelerations and displacements ( X(#) , x(¢) of each floor were measured. The structure
with added masses was then free vibrated under the same initial conditions and again the accelerations and
displacements ( }(¢),y(f)) of each floor were measured. Assuming: g =1000_7%, a time step:

At = 0.02sec and a total number of steps: No =1251, the accelerations and displacements were corrected

(Base Line Correction). The accelerations and displacements of the fourth floor, for example, are shown in
Figures (4) and (5).
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Fig. 4: Accelerations of the fourth floor of the investigated four-storey structure, without and with "added mass.

Displacements of Fourth Floor

Timme step
——Without “Added Mass™
—With “Added Mass™

Fig. 5: Displacements of the fourth floor of the investigated four-storey structure, without and with "added
mass.

According to Figures (4) and (5) it was expected that the period of system would increase due to the
addition to the system's mass. In the displacements of the other floors the situation is the same. The difference in
the responses of main system and the one with added mass is the conceptual basis of the proposed methods. For
application of these methods, velocity data are also needed, which can be obtained by integration of the
accelerations or differentiation of the displacement. In case of the integration of acceleration the “Base Line”
errors, which are typically low-frequency noises, compile into velocity. The velocities are corrected with a
second degree polynomial based on least square error method. After correcting the velocities and completing the
data set, the mass, damping and stiffness matrices were identified by the "Backward Algorithm", the Matrix
Solution in the time domain, and the Matrix Solution in the frequency domain, in both their real and imaginary
parts. All of the results are shown and compared with the existing values in Table (1).

From Table (1) it can be seen that the masses identified by the "Backward Algorithm" have a maximum
error in the first floor (m;) and a minimum error in the fourth floor (m,). In the case of the other two floor
masses (m,, m;) there are small differences between results obtained by the "Backward Algorithm and the
Matrix Solution methods. In stiffness identification, the proposed method's behaviour is more invariant. In all
floors the "backward Algorithm" gives the lowest error in the results compared with the Matrix Solution
methods.

Between the several methods of Matrix Solution the imaginary part solution gives the more accurate results.
This is because the low frequencies of the noise result in larger amplitudes in the real part of the Fourier
Transform than in the imaginary part.

From the point of view of Damage Detection, stiffness identification is relatively important, compared to
the mass and the damping identification. In this area the "Backward Algorithm" is easier and more efficient to
apply than the Matrix Solution methods, and is able to calculate stiffness more accurately.

Three-Storey Specimen Structure In Free Vibration:

A three-storey specimen structure was also built in the laboratory and tested. Its geometrical and
mechanical properties are shown in Figure (6) (where masses and added masses of the floors are in term of
grams, and the storey heights are specified in cm).
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Table 1: Results of the four-storey specimen structure identification and comparison with existing values.

Fig. 6: Three-storey specimen structure properties without and with the "Added Mass.

Fig. 7: Accelerations of the third floor of the investiagted three-storey structure, without and with "added mass.

Fig. 8: Displacements of the third floor of three-storey structure, without and with "added mass.
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System Identification %dE:?;lﬁz(; and existing values
Floor First Second Third Fourth
kg.sec’
Existing mass values (e 0.1147 0.1147 0.1147 0.1147
. 0.0989 0.1050 0.1019 0.1141
Backward Algorithm (-13.8%) (-8.5%) 11.2%) (:0.5%)
3 = . . 0.1138 0.1619 0.1461 0.1233
E & | Time domain (-0.8%) (+41.2%) (+27.4%) (+7.5%)
E % Frequency domain 0.1070 0.1070 0.0563 0.0354
2 o (Real part) (-6.7%) (-6.7%) (-50.9%) (-69.1%)
% ';:j Frequency domain 0.1025 0.1471 0.1020 0.1262
£ S (Imaginary part) (-10.6%) (+28.2%) (-11.1%) (+10.1%)
k;
Existing stiffness values () 123.82 123.82 123.82 123.82
. 81.74 112.44 102.43 124.26
Backward Algorithm (-34.0%) (-9.2%) (-17.3%) (+0.4%)
2 o Time d . 44.49 198.6 291.07 154.40
2 S 1me domain (-64.1%) (+60.4%) (+135.1%) (+24.7%)
E % Frequency domain 55.9 154.72 165.03 -87.4
3 % | (Real part) (-54.9%) (+25.0%) (+33.3%) (-170.6%)
§ }g Frequency domain 62.67 155.01 151.34 147.62
£ S | (Imaginary part) (-49.4%) (+25.2%) (+22.2%) (+19.2%)
247 745 747 728 743
ol =g Y3
=)
@ 730 737 730 730 737
R — e —— e ) — 1 "2
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The specimen structure with the original mass (i.e. no added mass) free vibrated, with a 1.25 cm initial
displacement in top floor and the accelerations and displacements (X(¢), x(¢)) of each floor were measured.
The structure with added masses was then has free vibrated under the same initial conditions, and again the
accelerations and displacements (j(¢), (f)) of each floor were measured. The accelerations and

displacements of the fourth floor, for example, are shown in Figures (7) and (8).

To obtain the velocities, the accelerations are integrated and the "Base Line" is corrected by a second
degree polynomial, as in the case of the first specimen. After the velocities had been corrected and completed,
the data set, mass, damping and stiffness matrices were identified by using the "Backward Algorithm". All of
the results are shown and compared with existing values in Table (2). It should be mentioned that the high
frequency noise reduction is negligible, due to the low amplitudes.

About the results of the identification in Table (2) it must be said that the errors in the mass of the first floor
was due to the inaccuracy of the accelerometer in the case of low-amplitude measurements. However, the errors
in the second and third floors are due to the flexural deformations of the specimen structure's beams. The
asymmetrical slopes in the acceleration curve also represent the presence of bending-shear behaviour, and a
non-shear structure vibration mode in the response. This is also shown in Figure (9), which is a second ranged
interval of the acceleration diagram.

Third Floor Acceleration

1000

(cm/sec?)

Titne (sec)
—Without “Added Mass™
— With “Added MMass™

Fig. 9: A second ranged interval of the third floor acceleration diagram.

Another type of error is related to the nature of the system motion. By observation of the linear damping
process both in the acceleration and the response, it can be concluded that, in addition to viscous damping, there
is also Coulomb damping in the system. Considering the Coulomb damping and applying the related part of
Motion Equation mentioned in Eqn. (1), some changes occurred in the results of the three-storey specimen
structure, which are also shown in Table (2).

According to Table (2), it can be observed that if Coulomb damping is applied, the errors in the identified
mass and the stiffness values are smaller. In the case of real structures, where many structural or non-structural
elements impose the frictional forces on the system, the effects of Coulomb damping greater and are not
negligible. If this effect is applied, the errors will be moderated in the various identification methods.

Table 2: Results of the four-storey specimen structure identification and comparison of these results with the existing values.

System Identification (By "Backward Algorithm") Identified and existing values (Error %)
Floor First Second Third
IQg,sec‘7
Existing mass values (— ., ) 0.0046 0.0046 0.0029
With 0.0019 0.0042 0.0029
Coulomb damping (-58.1%) (-9.7%) (+0.6%)
2 Without 0.0023 0.0042 0.0029
s Coulomb damping (-50.6%) (-9.6%) (+0.5%)
k;
Existing stiffness values ( C_i ) 13.041 9.938 8.176
With 12.405 7.060 6.064
% Coulomb damping (-4.9%) (-29.0%) (-25.8%)
& Without 12.608 7.059 6.049
3 Coulomb damping (-3.3%) (-29.0%) (-25.8%)
Conclusions:

The proposed method can identify structural systems, provided that the structural model studied is feasible,
and that applied appropriate models, including real conditions such as flexure and shear behaviour and frictional
damping effects of the model, are applied. It is necessary to define the exact number of DOF and their positions,
and in conformity with this topology, to design the strategy of identification (equipment, excitator-sensor units,
methods, etc.) and to measure and process the data. Noise reduction should also be applied to the data by means
of a logical process. The results show that the proposed methods of system identification have sufficient
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capability to be able to identify the characteristic matrices, and that under several types of damping and stiffness
and even high noise conditions they are effective and relatively accurate.
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