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ABSTRACT

In this study was investigated of possibility using the recorded micro tremor data on ground level as ambient
vibration input excitation data for investigation and application Operational Modal Analysis (OMA) for bench-scale
aluminum bridges. As known OMA methods (such as EFDD, SSI-UPC/SSI-PC/SSI-CVA and so on) are supposed to
deal with the ambient responses. For this purpose, analytical and experimental modal analysis of a bench-scale
aluminum bridge for dynamic characteristics was evaluated. 3D Finite element model of the building was evaluated
SAP2000 for the bench-scale aluminum bridge based on the design drawing. Ambient excitation was provided from
the recorded micro tremor ambient vibration data on ground level. Enhanced Frequency Domain Decomposition is
used for the output only modal identification. From this study, very best correlation is found between mode shapes
and frequencies. Natural frequencies and analytical frequencies in average (only) 2.67% are differences.
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1. INTRODUCTION

In recent years, in the world and our country, the determination of the effect of vibrations on structures and
structural behavior has become very important. Our country has many important structures in terms of its historical
background and geographical location. In addition, the earthquakes that have frequently occurred in recent years in
our country have increased the researches and studies on the experimental determination of the behavior of
structures under vibration. Many buildings built in the past are known to suffer many damages due to faults in the
design and manufacturing stages, as well as natural disasters and overload effects. Especially when our country is on
an active earthquake zone, we have over 80 million inhabitants, considering our geographical position; Damage
assessment and assessment are clearly visible in terms of our country. Structures are under constant vibration. Many
factors such as wind, earthquake, wave, explosion, and vehicle load etc. cause vibration. These vibrations sometimes
cause cracks and sometimes serious damage. Thus, the determination of the behavior of structures under vibrations
directly affects the life of that structure. The behavior of the structure under the vibrations affecting it can only be
determined by experimental studies. At the design of the structures, firstly analytical models are formed to represent
the structures and static and dynamic analyzes are carried out for different loading situations on these models. But in
most cases the analytical model created does not fully represent the actual behavior of the building. The comparison
of dynamic parameters is used as a practical solution in determining and eliminating differences in building
behavior. Calibration of the analytical model is very effective by making changes on the analytical model in order to
provide the experimental results in case the dynamic parameters obtained by the experimental modal analysis
methods belong to the actual state of construction. Thus, analytical models can be obtained that represent the real
state of the structures. Experimental modal analysis method is used in determining the dynamic parameters of the
structures. In this method, the vibration signals from the accelerometers placed in the structure are collected with the
help of the data acquisition unit and the dynamic parameters are obtained by using the software. Experimental modal
analysis method is two parts as forced vibration test and ambient vibration test. In the forced vibration test method,
the structure is vibrated with the aid of a known and measurable effect, and the response of the structure is
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measured. In the ambient vibration test method, which is referred to as the operational modal analysis method, it is
assumed that the structure is vibrated by environmental influences and the responses that the structure gives to these
effects are measured. Different methods based on the frequency and time domain are used to measure and evaluate
the reactions. The mathematical bases of the methods used are the same and data processing, equations solving
techniques and matrix arrays are different from each other.

Ambient vibration testing (also called Operational Modal Analysis) is the most economical non-destructive testing
method to acquire vibration data from large civil engineering structures for Output-Only Model Identification.
General characteristics of structural response (appropriate frequency, displacement, velocity, acceleration rungs),
suggested measuring quantity (such as velocity or acceleration) depends on the type of vibrations (Traffic, Acoustic,
Machinery inside, Earthquakes, Wind...) are given in Vibration of Buildings (1990).

This structures Response characteristics gives a general idea of the preferred quantity and its rungs to be measured.
A few studies the analysis of ambient vibration measurements of buildings from 1982 until 2015 are discussed in
Brincker and Ventura (2015) [13]. Last ten years Output-Only Model Identification studies of buildings are given in
appropriate references structural vibration solutions. For the modal updating of the structure it is necessary to
estimate sensitivity of reaction of examined system to change of parameters of a building. Kasimzade (2006) System
identification is the process of developing or improving a mathematical representation of a physical system using
experimental data investigated in HO and Kalman (1966), Kalman (1960), Ibrahim and Miculcik (1977), Ibrahim
(1977), Bendat (1998), Ljung (1999), Juang (1994), Van Overschee and De Moor (1996), and system identification
applications in civil engineering structures are presented in works Trifunac (1972), Huang and Chen (2017), (Li et
al. 2016), (Park et al. 2016), (Ni et al. 2015) (Brincker et al. 2000), Roeck (2003), Peeters (2000), (Cunha et al.
2005), Wenzel and Pichler (2005), Kasimzade and Tuhta (20073, b), (2009). Extracting system physical parameters
from identified state space representation was investigated in references. Alvin and Park (1994), Balmes (1997),
(Juang et al.1988), Juang and Pappa (1985), (Lus et al. 2003), (Phan et al. 2003), Sestieri and Ibrahim (1994),
(Tseng et al. 1994). The solution of a matrix algebraic Riccati equation and orthogonality projection more
intensively and inevitably used in system identification was deeply investigated in works of Aliev (1998). In
engineering structures there are three types of identification: modal parameter identification; structural-modal
parameter identification; control-model identification methods are used. In the frequency domain the identification
is based on the singular value decomposition of the spectral density matrix and it is denoted Frequency Domain
Decomposition (FDD) and its further development Enhanced Frequency Domain Decomposition (EFDD). In the
time domain there are three different implementations of the Stochastic Subspace Identification (SSI) technique:
Unweighted Principal Component (UPC); Principal component (PC); Canonical Variety Analysis (CVA) is used for
the modal updating of the structure Friswell and Mottershead (1995), Marwala (2010). It is necessary to estimate
sensitivity of reaction of examined system to change of random or fuzzy parameters of a structure. Investigated
measurement noise perturbation influences to the identified system modal and physical parameters. Estimated
measurement noise border, for which identified system parameters are acceptable for validation of finite element
model of examine system. System identification is realized by observer Kalman filter (Juang et al. 1993) and
Subspace Overschee and De Moor (1996), algorithms. In special case observer gain may be coincide with the
Kalman gain. Stochastic state-space model of the structure are simulated by Monte-Carlo method [12], [35], [36],
[37].

The bench-scale aluminum bridge ideal for teaching structural dynamics, system identification topics related to
earthquake, aerospace and mechanical engineering and widely used in applications [9]. In this study was
investigated of possibility using the recorded micro tremor data on ground level as ambient vibration input
excitation data for investigation and application Operational Modal Analysis (OMA) for bench-scale aluminum
bridges [11].

For this purpose, analytical and experimental modal analysis of a bench-scale aluminum bridge for dynamic
characteristics was evaluated. 3D Finite element model of the building was evaluated for the bench-scale aluminum
bridge based on the design drawing. Ambient excitation was provided from the recorded micro tremor ambient
vibration data on ground level. Enhanced Frequency Domain Decomposition is used for the output only modal
identification.
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2. MODAL PARAMETER EXTRACTIONS

The (FDD) ambient modal identification is an extension of the Basic Frequency Domain (BFD) technique or called
the Peak-Picking technique. This method uses the fact that modes can be estimated from the spectral densities
calculated, in the case of a white noise input, and a lightly damped structure. It is a non-parametric technique that
determines the modal parameters directly from signal processing. The FDD technique estimates the modes using a
Singular Value Decomposition (SVD) of each of the measurement data sets. This decomposition corresponds to a
Single Degree of Freedom (SDOF) identification of the measured system for each singular value (Brincker et al.
2000).

The Enhanced Frequency Domain Decomposition technique is an extension to Frequency Domain Decomposition
(FDD) technique. This t technique is a simple technique that is extremely basic to use. In this technique, modes are
easily picked locating the peaks in Singular Value Decomposition (SVD) plots calculated from the spectral density
spectra of the responses. FDD technique is based on using a single frequency line from the Fast Fourier Transform
analysis (FFT), the accuracy of the estimated natural frequency based on the FFT resolution and no modal damping
is calculated. On the other hand, EFDD technique gives an advanced estimation of both the natural frequencies, the
mode shapes and includes the damping ratios (Jacobsen et al. 2006). In EFDD technique, the single degree of
freedom (SDOF) Power Spectral Density (PSD) function, identified about a peak of resonance, is taken back to the
time domain using the Inverse Discrete Fourier Transform (IDFT). The natural frequency is acquired by defining the
number of zero crossing as a function of time, and the damping by the logarithmic decrement of the correspondent
single degree of freedom (SDOF) normalized auto correlation function Peeters (2000).

In this study modal parameter identification was implemented by the Enhanced Frequency Domain Decomposition.
The relationship between the input and responses in the EFDD technique can be written as, In this method, unknown
input is represented with x(z) and measured output is represented with y(z)

(G, ()| =[H(jew)]" (G jeo)l [H )]
1)

Where G,,(jw) is the r x r Power Spectral Density (PSD) matrix of the input. G, (jw) is the m x m Power Spectral
Density (PSD) matrix of the output, H(jw) is the m x r Frequency Response Function (FRF) matrix, and * and
superscript T denote complex conjugate and transpose, respectively. The FRF can be reduced to a pole/residue form
as follows:
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Where n is the number of modes 4, is the pole and, Ry, is the residue. Then Eq. (1) becomes as:
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Where s the singular values, superscript is H denotes complex conjugate and transpose. Multiplying the two partial
fraction factors and making use of the Heaviside partial fraction theorem, after some mathematical manipulations,
the output PSD can be reduced to a pole/residue form as fallows;
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Where 4, is the k th residue matrix of the output PSD. In the EFDD identification, the first step is to estimate the
PSD matrix. The estimation of the output PSD known at discrete frequencies is then decomposed by taking the SVD
(singular value decomposition) of the matrix;

ny(jwi): UiSi Ulﬁ
©)

Where the matrix U;=[u;;,u;, ... ,u;,] is @ unitary matrix holding the singular vectors «;; and s; is a diagonal matrix
holding the scalar singular values. The first singular vector u; is an estimation of the mode shape. PSD function is
identified around the peak by comparing the mode shape estimation w;; with the singular vectors for the frequency
lines around the peak. From the piece of the SDOF density function obtained around the peak of the PSD, the
natural frequency and the damping can be obtained.

3. DESCRIPTION OF BENCH-SCALE ALUMINUM BRIDGE
Bench-scale aluminum bridge is 1.27 m height. Shape of bridge is trapezoid. Top and bottom width respectively
2.15 m-2.30 m. Dimensions of elements are shown in Fig. 1.

—et Columns=0.06x0.025x0.0012 m

— Beattss=0.03x0.03.0.0012 m

2)

b)
Fig -1a, b: Hlustration of bench-scale aluminum bridge
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e

Fig -2: View of bench-scale almim bridge

4. ANALYTICAL MODAL ANALYSIS OF BENCH-SCALE ALUMINUM BRIDGE

A finite element model was generated in SAP2000 (1997). Beams and columns were modeled as 3D beam-column
elements (in Fig.3 shown by the black color). Structure modeled as an absolutely rigidity floor (rigid diaphragm).
The selected structure is modeled as a space frame structure with 3D elements. Beams and columns were modeled as
3D beam-column elements which have degrees of freedom. At the base of the structure in the model, the ends of
every element were fixed against translation and rotation for the 6 degree of freedom (DOF) then creating finite
element model of the structure in SAP2000. The following assumptions were taken into account. Bench-scale
aluminum bridge is modeled using an equivalent thickness and shell elements with isotropic property. All supports
are modeled as fully fixed. The members of aluminum frame are modeled as rigidly connected together at the
intersection points. In modeling of beams and columns the modulus of elasticity E=6.960E10 N/m?, Poisson ratio
p=0.33, mass per unit volume p=26601 N/m°.

Fig -3: Finite element model of bench-scale aluminum bridge
Natural frequencies and vibration modes are concerned a significant impact on the dynamic performance of
buildings is an important dynamic property. A total of five natural frequencies of the structure are attained which
range between 4 and 8 Hz. The first five vibration mode of the structure is shown in Figure 4. Analytical modal
analysis results at the finite element model are shown in Table 1.
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Table -1: Analytical modal analysis result at the first at the Finite Element (FE) model

Mode number 1 2 3 4 5
Frequency (Hz) | 4.880 | 5.222 | 5.740 | 6.502 | 7.084
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5" Mode Shape (f=7.084 Hz)
Fig -4: Analytically identified mode shapes of bench-scale aluminum bridge

5. EXPERIMENTAL MODAL ANALYSIS OF BENCH-SCALE ALUMINUM BRIDGE

Ambient excitation was provided by the recorded micro tremor data on ground level. Three accelerometers (with
both x and y directional measures) were used for the ambient vibration measurements (Fig. 6), one of which were
allocated as reference sensor always located in the first floor (they are shown by the red line in Fig. 5a, b). Two
accelerometers were used as roving sensors (they are shown by the black line in Fig. 5a, b). The response was
measured in two data sets (Fig. 5 a, b). For two data sets were used 3 and 5 degree of freedom records respectively

(Fig. 5 a, b). Every data set (Fig. 5 a, b) was measured 100 min. The selected measurement points and directions are
shown in Fig. 5 a, b.

a) First setup b) Second setup
Fig -5: Accelerometers location of experimental model in the 3D view
The data acquisition computer was dedicated to acquiring the ambient vibration records. In between measurements,
the data files from the previous setup were transferred to the data analysis computer using a software package. This
arrangement allowed data to be collected on the computer while the second, and faster, computer could be used to
process the data in site. This approach maintained a good quality control that allowed preliminary analyses of the
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collected data. If the data showed unexpected signal drifts or unwanted noise or for some unknown reasons, was

corrupted, the data set was discarded and the measurements were repeated.
' 23 Ll

Fig -6: Ambient vibrations recorded by the seismometer
Before the measurements could begin, the cable used to connect the sensors to the data acquisition, equipment had
to be laid out. Following each measurement, the roving sensors were systematically located from floor to floor until
the test was completed. The equipment used for the measurement includes three sensebox accelerometers (triaxial
measures) and geosig seismometer, matlab data acquisition toolbox (wincon). For modal parameter estimation from
the ambient vibration data, the operational modal analysis (OMA) software ARTeMIS Extractor (1999) is used.

2 Frocssmncy Dl Dwcmottion - Pesh Mg Sexpias Vot of Somctas Dumsty Uices of Oats Set Masn st

Fig -7: Singular values of spectral density matrices
The simple peak-picking method (PPM) finds the eigenfrequencies as the peaks of nonparametric spectrum
estimates. This frequency selection procedure becomes a subjective task in case of noisy test data, weakly excited
modes and relatively close eigenfrequencies. Also, for damping ratio estimation the related half-power bandwidth
method is not reliable at all. Frequency domain algorithms have been the most popular, mainly due to their
convenience and operating speed.

Singular values of spectral density matrices, attained from vibration data using PP (Peak Picking) technique are
shown in Fig.7. Natural frequencies acquired from the all measurement setup are given in Table 2. The first five
mode shapes extracted from experimental modal analyses are given in Fig. 8. When all measurements are examined,
it can be seen that there are best accordance is found between experimental mode shapes. When the analytically and
experimentally identified modal parameters are checked with each other, it can be seen that there is a best agreement
between the mode shapes in experimental and analytical modal analyses (Table 3).

Table -2: Experimental modal analysis result at the bench-scale aluminum bridge

Mode number 1 2 3 4 5
Frequency (Hz) 4,761 | 5.078 | 5.591 | 6.323 | 6.885
Modal damping ratio (§) | 0.743 | 0.696 | 0.632 | 0.559 | 0.513
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—)

5™ Mode Shape (f=6.885 Hz, £=0.513)
Fig -8: Experimentally identified mode shapes of bench-scale aluminum bridge

Table -4: Comparison of analytical and experimental modal analysis results

Mode number 1 2 3 4 5
Analytical frequency (Hz) | 4.880 | 5.222 | 5.740 | 6.502 | 7.084
Experimental frequency (Hz) | 4.761 | 5.078 | 5.591 | 6.323 | 6.885
Difference (%) 2.438 | 2.757 | 2.595 | 2.752 | 2.809

6. CONCLUSIONS

In this paper, analytical and experimental modal analysis of bench-scale aluminum bridge was presented.
Comparing the result of study, the following observation can be made:

From the finite element model of bench-scale aluminum bridge a total of 5 natural frequencies were attained
analytically, which range between 4 and 8 Hz. 3D finite element model of bench-scale aluminum bridge is
constructed with SAP2000 software and dynamic characteristics are determined analytically. The ambient vibration
tests are conducted under provided from ambient vibration data on ground level. Modal parameter identification was
implemented by the Enhanced Frequency Domain Decomposition (EFDD) technique. Comparing the result of
analytically and experimentally modal analysis, the following observations can be made:

e From the finite element model of the bench-scale aluminum bridge, the first five mode shapes are attained
analytically that range between 4 and 8 Hz.

¢ From the ambient vibration test, the first five natural frequencies are attained experimentally, which range between
4 and 7 Hz.

¢ When comparing the analytical and experimental results, it is clearly seen that there is very best agreement
between mode shapes and frequencies.

o Analytical and experimental modal frequencies differences between 2.438%-2.809%.
Presented investigation results are shown and confirm of possibility using the recorded micro tremor data on ground

level as ambient vibration input excitation data for investigation and application Operational Modal Analysis
(OMA) for bench-scale aluminum bridges.

10955 www.ijariie.com 921



Vol-5 Issue-5 2019 IJARIIE-ISSN(O)-2395-4396

7. REFERENCES

[1]
[2]
[3]

[4]
[5]

[6]
[7]
[8]
[9]

[10]
[11]
[12]
[13]

[14]
[15]
[16]
[17]
[18]
[19]
[20]

[21]
[22]
[23]

10955

Aliev, F. A. and Larin, V. B. (1998), Optimization of Linear Control Systems: Analytical Methods and
Computational Algorithms, CRC Press.

Alvin, K. F. and Park, K. C. (1994), “Second-order structural identification procedure via state-space-based
system identification”, AIAA Journal, 32(2), 397-406.

ANSI S2.47-1990 Vibration of buildings-Guidelines for the measurement of vibrations and evaluation of
their effects on buildings.

ARTeMIS Extractor, Structural Vibration Solutions, Aalborg, Denmark, 1999.

Balmes, E. (1997), “New results on the identification of normal modes from experimental complex modes”,
Mechanical Systems and Signal Processing, 11(2), 229-243.

Bendat, J. S. (1998), Nonlinear Systems Techniques and Applications, Wiley.

Brincker, R., Zhang, L. and Andersen, P. (2000), “Modal identification from ambient responses using
frequency domain decomposition”, Proceedings of the 18" International Modal Analysis Conference
(IMAC), San Antonio, Texas, USA, February.

Cunha, A., Caetano, E., Magalhaes, F. and Moutinho, C. (2005), “From input-output to output-only modal
identification of civil engineering structures”, 1% International Operational Modal Analysis Conference
(IOMAC), Copenhagen, Denmark, April.

Dushimimana, A., Gunday, F., & Tuhta, S. (2018). Operational Modal Analysis of Aluminum Model
Structures Using Earthquake Simulator. Presented at the International Conference on Innovative Engineering
Applications

Friswell, M. and Mottershead, J. E. (1995), Finite Element Model Updating In Structural Dynamics, Springer
Science-Business Media.

Gunday, F. (2018). OMA of RC Industrial Building Retrofitted with CFRP using SSI. International Journal
of Advance Engineering and Research Development

Glnday, F. (2018). GFRP Retrofitting Effect on the Dynamic Characteristics of Model Steel Structure Using
SSI. International Journal of Advance Engineering and Research Development

Ginday, F., Dushimimana, A., & Tuhta, S. (2018). Analytical and Experimental Modal Analysis of a Model
Steel Structure Using Blast Excitation. Presented at the International Conference on Innovative Engineering
Applications

HO, B. and Kalman, R. E. (1966), “Effective construction of linear state-variable models from input/output
functions”, at-Automatisierungstechnik, 14(1-12), 545-548.

Ibrahim, S. R. (1977), “Random decrement technique for modal identification of structures”, Journal of
Spacecraft and Rockets, 14(11), 696-700.

Ibrahim, S.R. and Miculcik, E.C. (1977), “A method for the direct identification of vibration parameters from
the free response”, The Shock and Vibration Bulletin, 47(4), 183-194.

Jacobsen, N. J., Andersen, P., and Brincker, R. (2006), “Using enhanced frequency domain decomposition as
a robust technique to harmonic excitation in operational modal analysis”, International Conference on Noise
and Vibration Engineering (ISMA), Leuven, Belgium, September.

Juang, J. N. (1994), Applied System Identification, Prentice Hall.

Juang, J. N. and Pappa, R. S. (1985), “An eigensystem realization algorithm for modal parameter
identification and model reduction”, Journal of Guidance, Control, And Dynamics, 8(5), 620-627.

Juang, J. N., Cooper, J. E. and Wright, J. R. (1988), “An eigensystem realization algorithm using data
correlations (ERA/DC) for modal parameter identification”, Control-Theory and Advanced Technology, 4(1),
5-14.

Juang, J. N., Phan, M., Horta, L. G. and Longman, R. W. (1993), “Identification of observer/kalman filter
markov parameters-theory and experiments”, Journal of Guidance, Control, and Dynamics, 16(2), 320-329.
Kalman, R. E. (1960), “A new approach to linear filtering and prediction problems”, Journal of Basic
Engineering, 82(1), 35-45.

Kasimzade A.A. (2006), “Coupling of the control system and the system identification toolboxes with
application in structural dynamics”, International Control Conference (ICC2006), Glasgow, Scotland, UK,
September.

www.ijariie.com 922



Vol-5 Issue-5 2019 IJARIIE-ISSN(O)-2395-4396

[24]
[25]

[26]

[27]
[28]
[29]
[30]
[31]

[32]
[33]
[34]
[35]
[36]

[37]

[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]

10955

Kasimzade A.A. and Tuhta S. (2007), “Ambient vibration analysis of steel structure”, Experimental
Vibration Analysis of Civil Engineering Structures (EVACES’07), Porto, Portugal, October.

Kasimzade A.A. and Tuhta S. (2007), “Particularities of monitoring, identification, model updating hierarchy
in experimental vibration analysis of structures”, Experimental Vibration Analysis of Civil Engineering
Structures (EVACES’07), Porto, Portugal, October.

Kasimzade A.A. and Tuhta S. (2009), “Optimal estimation the building system characteristics for modal
identification”, 3" International Operational Modal Analysis Conference (IOMAC), Porto Novo, Ancona,
Italy, May.

Ljung, L. (1999), System Identification: Theory for the User, Prentice Hall.

Lus, H., De Angelis, M., Betti, R. and Longman, R. W. (2003), “Constructing second-order models of
mechanical systems from identified state space realizations. Part I: Theoretical discussions”, Journal of
Engineering Mechanics, 129(5), 477-488.

Marwala, T. (2010), Finite Element Model Updating Using Computational Intelligence Techniques:
Applications to Structural Dynamics, Springer Science-Business Media.

Peeters, B. (2000), “System identification and damage detection in civil engineering”, Ph.D. Dissertation,
Katholieke Universiteit Leuven, Leuven, Belgium.

Phan, M. Q., Longman, R. W., Lee, S. C. and Lee, J. W. (2003), “System identification from multiple-trial
data corrupted by non-repeating periodic disturbances”, International Journal of Applied Mathematics and
Computer Science, 13(2), 185-192.

Quanser (2008) Position control and earthquake analysis. Quanser Shake Table Il User Manual, Nr 632, Rev
3.50, Quanser Inc, Markham, Canada.

Roeck, G. D. (2003), “The state-of-the-art of damage detection by vibration monitoring: the SIMCES
experience”, Journal of Structural Control, 10(2), 127-134.

Sestieri, A. and Ibrahim, S. R. (1994), “Analysis of errors and approximations in the use of modal
coordinates”, Journal of Sound and Vibration, 177(2), 145-157.

Tuhta, S. 2018. GFRP retrofitting effect on the dynamic characteristics of model steel structure. STEEL AND
COMPOSITE STRUCTURES 28, 2, 223-231.

Tuhta, S., Abrar, O., & Giinday, F. (2019). Experimental Study on Behavior of Bench Scale Steel Structure
Retrofitted with CFRP Composites under Ambient Vibration. European Journal of Engineering Research and
Science

Tuhta, S., Gunday, F., & AYDIN, H. (2019). Dynamic Analysis of Model Steel Structures Retrofitted with
GFRP Composites under Microtremor Vibration. International Journal of Trend in Scientific Research and
Development

Tuhta, S., & Ginday, F. (2019). Multi Input Multi Output System Identification of Concrete Pavement
Using N4SID. International Journal of Interdisciplinary Innovative Research Development, 4(1),

Tuhta, S., Alameri, I., & Ginday, F. (2019). Numerical Algorithms N4SID for System lIdentification of
Buildings. International Journal of Advanced Research in Engineering Technology Science, 1(6)

Tuhta, S., Gunday, F., Aydin, H., & Alalou, M. (2019). MIMO System ldentification of MachineFoundation
Using N4SID. International Journal of Interdisciplinary Innovative Research Development

Tuhta, S., & Giinday, F. (2019). Mimo System Identification of Industrial Building Using N4sid with
Ambient Vibration. International Journal of Innovations in Engineering Research and Technology,

Trifunac, M. D. (1972), “Comparisons between ambient and forced vibration experiments”, Earthquake
Engineering and Structural Dynamics, 1(2), 133-150.

Tseng, D. H., Longman, R. W. and Juang, J. N. (1994), “Identification of the structure of the damping matrix
in second order mechanical systems”, Spaceflight Mechanics, 167-190.

Tseng, D. H., Longman, R. W. and Juang, J. N. (1994), “Identification of gyroscopic and nongyroscopic
second order mechanical systems including repeated root problems”, Spaceflight Mechanics, 145-165.

Van Overschee, P. and De Moor, B. L. (1996), Subspace ldentification for Linear Systems: Theory-
Implementation-Applications, Springer Science -Business Media.

Ventura, C. E. and Schuster, N. D. (1996), “Structural dynamic properties of a reinforced concrete high-rise
building during construction”, Canadian Journal of Civil Engineering, 23(4), 950-972.

Wenzel, H. and Pichler, D. (2005), Ambient Vibration Monitoring, John Wiley & Sons.

www.ijariie.com 923



