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Abstract 
Structural Health Monitoring plays a vital role in assessing in-situ the performance of a 
structure. There are several techniques available for System Identification and Damage 
Detection. Structural health monitoring based on the vibration of structures has attracted the 
attention of researchers in many fields such as: civil, aeronautical and mechanical 
engineering. This paper provides focuses on the state-of-the art methods for modal parameters 
extraction from modal testing. A three story bookshelf frame has been used for the experimental 
study and a free vibration test has been conducted. The book shelf frame, made of galvanized 
steel, has the following dimension: 60 cm width, 27cm depth and 133 cm height. The frame has 
been instrumented wireless sensors. The wireless sensors used here are tri-axial. Three 
accelerometers have been installed on each floor of the frame. The real-time monitoring has 
been performed using the Lab View software.  The Frequency Domain Decomposition (FDD) 
and Stochastic Subspace Identification (SSI) methods have been used here to extract the modal 
properties from dynamic response. The extracted results from both methods have been 
compared and they are found to be close to each other.  

 
1 INTRODUCTION 

Structural Health Monitoring (SHM) measures the response of a structure by using appropriate 
sensors to determine the operational performance. Vibration-based monitoring is an important 
method for SHM which allows determining the global behavior of a structure. There are two 
types of dynamic testing procedures that are normally used: (1) forced vibration testing; and 
(2) ambient vibration testing. In the forced vibration method, the structure is excited by 
artificial means such as shakers or drop weights. The drawback of this technique is that shaking 
the real structure like a bridge would require a large equipment to apply the force. This 
procedure may be difficult and expensive because the traffic would need to be shut down for a 
long period of time. Conversely, the ambient vibration testing does not cause any disturbance 
on a structure, because it uses the vibration induced by traffic and wind as natural or 
environmental excitations. The service do not have to be interrupted while applying this 
technique. It represents a real operating condition of the structure during its daily use [4]. 
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Modal identification using ambient vibration is normally performed when the magnitude and 
characteristics of the input excitation is not known. On the other hand, modal identification 
based on forced-vibration can utilize the magnitude of the input excitation. Output-only 
systems are normally associated with the identification of modal parameters from the natural 
responses of civil engineering structures, space structures and large mechanical structures. In 
the output only method, the load is unknown and the modal is identified based on structure 
response only. Relevant case studies on ambient vibration can be found in Ventura and Horyna 
[1] and Andersen et al [1, 2, 3]. 
 
Ambient vibration test has an advantage of being inexpensive since no equipment is needed to 
excite the structure. The modal parameter identification technique through ambient vibration 
measurements has become a very attractive for civil engineering structures. The ambient 
vibration testing has been successfully applied to many large scale structures such as the 
Golden Gate Bridge (Abdel-Ghaffer and Scanlan 1985), the Fatih Sultan Mehmet Suspension 
Bridge (Brownjohn et al. 1992), the Tsing Ma Suspension Bridge (Xu et al. 1997), the 
Hitsuishijima Bridge, one of the Honshu-Shikoku Bridge (Okauchi et al. 1997), the Vasco da 
Gama Cable-Stayed Bridge (Cunha et al. 1999), the KapShuiMun Cable-Stayed Bridge (Chang 
et al. 2001), the Roebling Suspension Bridge (Ren et al. 2001), the steel girder arch bridge 
(Ren et al. 2003), and the old masonry temples (Jaishi et al. 2003). In the case of ambient 
vibration testing, only response data are measured and actual loading conditions are unknown. 
A modal parameter identification procedure will therefore need to base itself on output-only 
data [4]. 
 
The modal parameter identification using output-only measurements uses the special 
techniques which can deal with small magnitude of vibration contaminated by noise without 
any input data. Over the past decades, the technique of experimental modal parameter 
identification of civil engineering structures has been developed rapidly. There have been 
several output-only data modal parameter identification techniques available that were 
developed by different investigators for different uses. As an example is the peak picking from 
the power spectral densities (Bendat and Piersol 1993), [4].  The peak-peaking technique is 
one of the more widely used ambient modal analysis methods applied to the extraction of modal 
parameters of large civil engineering structures. Although the peak-peaking technique is 
straight forward, its accuracy of modal parameters estimation is known to rely heavily on the 
frequency resolution. In order to overcome this drawback, there have been efforts to develop 
approaches such as Ibrahim time domain (ITD) method developed by Ibrahim [5], auto 
regressive-moving average (ARMA) model based on discrete-time data (Andersen et al. 1996), 
natural excitation technique (NExT) (James et al. 1995), and stochastic subspace identification 
(Van Overschee and Moor 1996, Peeters and De Roeck 2000). A benchmark study was carried 
out (De Roeck et al. 2000) to compare modal parameter identification techniques for evaluating 
the dynamic characteristics of a real building on operation conditions from ambient vibration 
data [4]. 
 
An outstanding progression in the frequency domain approach is the frequency domain 
decomposition (FDD) method (Brinker et al 2000) [3].The FDD method identifies the mode 
shapes and damped natural frequencies of a dynamic system by applying the Singular Value 
Decomposition (SVD) technique to the output spectral density matrix. This is done under an 
assumption of white noise excitation. The damping ratio and un-damped natural frequency are 
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estimated from a mode-isolated, free-decay response obtained via an inverse Fourier transform 
of the output spectra after applying a zero padding technique. Although the FDD method is 
much more advanced as compared to the traditional peak picking method, the FDD method 
still requires a massive numerical computation attributable to the SVD process in the frequency 
domain [6]. In fact, the mathematical background of all output-only modal parameter 
identification methods is quite similar. The difference is often due to the implementation 
aspects such as data reduction, type of equation solvers, sequence of matrix operations, etc. In 
this paper, two common techniques, Frequency Domain Decomposition (FDD) and Stochastic 
Subspace Identification (SSI) methods, have been applied to the three story scaled steel frame 
to identified the modal properties such as natural Frequency and mode shape by Ambient 
vibration test.  
 
 
2 FREQUENCY DOMIAN DECOMPOSITION (FDD) TECHNIQUE 

The relation between unknown input x(t) and the measured responses y(t) can be expressed 
as:  
 

Gyy(jω) = 茎̅岫��) Gxx岫��) H(j�)T   (1) 
 
where Gxx岫��) is the (r × r) power spectral density (PSD) matrix of the input, r is the number 
of inputs, Gyy岫��) is the (m × m) power spectral density (PSD) matrix of the response, m is the 
number of responses, H(j�) is the (m × r) frequency response function (FRF) matrix and the 
overbar and superscript T denote the complex conjugate and transpose, respectively.   
 
The FRF can be obtained in partial fraction, i.e pole/residue, form as: 
 

H(jω) = ∑ ��珍�− ƛ��賃=怠 +  �̅�珍�− ƛ̅�   (2) 

 
where n is the number of modes, ƛ̅賃 is the pole and 迎賃is the residue: 
 迎賃 = ɸ賃ɣ賃T    (3) 
 
Herein, ɸ賃and ɣ賃 are the mode shape vector and modal participation vector, respectively [1]. 
 
In FDD identification, the first step is to estimate the PSD matrix. The estimate of output PSD 罫̂yy(jω) is known as discrete frequencies ω = ωi. Then, this is decomposed by taking the 
singular Value Decomposition (SVD) of the matrix: 
 罫̂yy(jω) = UiS+ i�沈T           (4) 

 

where the matrix Ui= [ui1, ui2,…,uim] is a unitary matrix holding the singular vectors uij, and Si 
is a diagonal matrix holding the scalar singular values sij. Near a peak corresponding to the kth 
mode in the spectrum, this mode or maybe a possible close mode, will be dominating. If only 
the kth mode is dominating, the first singular vector ui1 is an estimate of the mode shape [3]. 
 ɸ̂ = ui1     (5) 
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3 STOCHASTIC SUBSPACE IDENTIFICATION (SSI)  
 
The dynamic equation of motion of a structure can be described by a set of linear second-order 
differential equations with constant coefficient: 
 

M�岑 (t) + C�岌 (t) + KU(t) = F(t)                    (6) 
Where M, C and K are the time-invariant mass, damping and stiffness matrices respectively of 
the structure associated with the n generalized coordinates comprising the vector U(t).  Herein, 
F(t) is a time dependent vector of input forces. Equation (1) can be rewritten as a first-order 
system of differential equations in a number of ways. One commonly used reformulation in a 
state-space representation is: 
 捲岌 t= AC xt+ BC u(t)           (7) 
 
where the state vector x(t) = [u(t),憲岌 岫建岻]T, the state matrix AC and the system control influence 
coefficient matrix BC are defined by Equation (8). 
 

AC = [ 0 荊−�−怠� −�−怠系] BC= [ 0−�−怠稽態] F(t) = 稽態u(t)  (8) 

 
Furthermore, the output vector of interest, y(t), can be a part of, or a linear combination of 
system states, such as: 
 

yt= Cxt+ Dut        (9)
 
Here C is a real output influence coefficient matrix and D is the output control influence 
coefficient matrix. Equations (7) and (9) constitute a continuous-time state-space model of a 
dynamic system. Continuous-time means that the expressions can be evaluated at each time 
instant. Of course, this is not realistic because experimental data are discrete in nature. The 
sample time and noise are always influencing the measurements. After sampling the 
continuous-time state-space model it looks like: 
 

xk + 1 = Axk + Buk       (10) 
yk = Cxk + Duk 

 
where xk = x(kDt) is the discrete time state vector; A = exp (Ac Dt) is the discrete state matrix; 
and B = [A-I] AC

-1BC is the discrete input matrix. Equation (10) forms a discrete-time state –
space model of a dynamic system. 
 
In practice there are always system uncertainties including process and measurement noises. 
The process noise is due to disturbances and modeling inaccuracies, whereas the measurement 
noise is due to sensor inaccuracy. If the stochastic components (noise) are included, Eq. (10) 
can be extended to consider process noise wk and measurement noise vk described as 
continuous-time stochastic state-space model.  

 
       xk + 1 = Axk + Buk + wk       (11) 

                   yk = Cxk+ Duk + vk 
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It is difficult to determine accurately the individual process and measurement noise 
characteristics and thus some assumptions are required. Here the process noise wk and the 
measurement noise vk are assumed to be of zero-mean, white Gaussian noise with covariance 
matrices is: 
 

E[岾拳椎懸椎 峇 (拳槌T懸槌T)] = 岾 芸 鯨鯨� 迎峇 �椎槌        (12) 

where E is the expected value operator and δpq is the Kronecker delta. The sequences wk and vk 
are assumed statistically independent of each other. In the practical problem of civil 
engineering structures, the reality is that only the responses of a structure are measured, while 
the input sequence uk remains unknown. In the case of ambient vibration testing, it is 
impossible to distinguish the input term ukf rom the noise terms wk, vk in Eq. (11). Modeling 
the input term uk by the noise terms wk, vk results in a purely stochastic system: 
 

xk + 1 = Axk + wk     (13) 
   yk = Cxk + vk 

 
The input is now implicitly modeled by the noise terms wk and vk. However, the white noise 
assumptions of these noise terms cannot be omitted. If this white noise assumption is violated, 
for instance, if the input contains also some dominant frequency components in addition to 
white noise, these frequency components cannot be separated from the eigenfrequencies of the 
system, and they will appear as poles of the state matrix A. Eq. (13) constitutes the basis for 
the time-domain system identification through ambient vibration measurements. There have 
been several techniques to realize system identification algorithms based on Eq. (13). The 
stochastic subspace identification algorithm is probably the most advanced method known up 
to date for ambient vibration measurement system identification. The subspace method 
identifies the state space matrices based on the measurements and by using robust numerical 
techniques such as QR-factorization, singular value decomposition (SVD) and least squares. 
Loosely said, the QR results in a significant data reduction, whereas the SVD is used to reject 
the noise (assumed to be represented by the higher singular values). Once the mathematical 
description of the structure (the state space model) is found, it is straightforward to determine 
the modal parameters (by an eigenvalue decomposition): natural frequencies, damping ratios 
and mode shapes. The key concept of SSI is the projection of the row space of the future outputs 
into the row space of the past outputs. The main difference with the proceeding algorithms is 
that the subspace algorithm is data driven instead of covariance driven so that the explicit 
formation of the covariance matrix is avoided. It is clear that the stochastic subspace 
identification is a time domain method that directly works with time data, without the need to 
convert them to correlations or spectra. Common to all system identification methods for 
ambient vibration measurements, it is not possible to obtain an absolute scaling of the identified 
mode shapes (e.g. mass normalization) because the input remains unknown. [4, 7] 
 
 
 
4 EXPERIMENTAL DETAILS 
 
A three story galvanized steel frame with 60 cm width, 27 cm depth and 133 cm height have 
been analyzed in this paper. The structure has been built and tested in the Structures laboratory 
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at Concordia University. The structure and wireless sensor node are shown in Figure 1. The 
frame is fixed fully to the floor. Micro strain Tri-axial MEMS wireless sensors having the 
sensitivity of 10 mV/g have been installed on each floor. Apart from 3 accelerometer channels, 
each wireless sensor has an internal temperature channel. All nodes transfer the data to the base 
station which is connected to the computer. Micro strain Node Commander Software is used 
here for establishing the communication between the base station and the wireless sensors. A 
sample rate of 512 Hz has been used for acquiring the acceleration data. 
 
 

          
(a)                               (b)                (c) 

Figure 1 a) Steel frame details b) Micro strain wireless sensor c) Micro strain Gateway 
 
The structure has been excited using an impact hammer and the free vibration signal is recorded 
for 20 seconds. The accelerometers are located in the center of each floor to measure the floor 
acceleration. The tests have been repeated five times along both axes. Two indicated system 
identification methods have been used to extract the natural frequencies and relevant mode 
shape vectors of the building by using the ARTeMIS software [9]. The first three natural 
frequencies and mode shapes along the long span correspond to bending. The obtained result 
from each method is verified by using the Modal Assurance Criterion (MAC) method by 
ARTeMIS as well.  
 
5 SYSTEM IDENTIFICATION BY FDD 
 
The first three peaks in FDD display the first three natural frequencies and corresponding mode 
shapes. The ambient vibration test has been done in both direction, the result along long span 
has been shown in table 2 by use of FDD.   
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6 SYSTEM IDENTIFICATION BY SSI 
 
The stabilization diagram of estimated state space model has been used to get the stable modes 
in SSI method. The modal analysis results by use of SSI along long span is shown in table 2 
for first three bending modes and natural frequencies of galvanized steel frame in ARTeMIS.  
 
 

 
Table 2. Modal Properties along long span by use of FDD and SSI methods 

 
 

 
After applying the ambient vibration, the test was repeated along short span, so the FDD and 
SSI methods have been used to find the first three frequency and mode shape of the frame. The 
details of result along short span have been shown in table 3.  
 
 
 
 
 
 
 

F
D

D
 

 

 
Bending mode 1 

Frequency = 8.00 Hz 

 

 
Bending mode 2 

Frequency = 39.75 Hz 

 

 
Bending mode 3 

Frequency = 98.75 Hz 

S
S

I  

 

 
Bending mode 1 

Frequency = 7.721 Hz 
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Table 3. Modal Properties along short span by use of FDD and SSI methods 

 
After obtaining the modal properties by using both methods, the Modal Assurance Criterion 
(MAC) is applied to verify the accuracy and closeness of each mode obtained by different 
methods.   
 
 
7 Modal Assurance Criteria (MAC)  
 

The function of the Modal Assurance Criterion (MAC) is to provide a measure of consistency 
between estimates of a modal vector. The modal assurance criterion is defined as a scalar 
constant relating the degree of consistency (linearity) between modal vectors. The modal 
assurance criterion takes on values from zero which represents lack of consistency of 
correspondence, to one, which means a consistent correspondence. In this manner, if the modal 
vectors under consideration truly exhibit a consistent, linear relationship, the modal assurance 
criterion should approach unity and the value of the modal scale factor can be considered to be 
reasonable. Note that, unlike the orthogonality calculations, the modal assurance criterion is 
normalized by the magnitude of the vectors and, thus, is bounded between zero and one [8].The 
MAC is utilized for the modes obtained using FDD and SSI methods, and the results are shown 
in Table 4.  
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    Long span  Short span  

MAC - FDD 

  

MAC – SSI 

  

 
Table 4. MAC values of FDD and SSI methods along both directions 

 
In Table 5 it can be seen the modal analysis result of the steel frame obtained from the FDD 
and SSI methods in both directions. It is showed that the natural frequency extracted is very 
close to each other in modal analysis. The frequencies and mode shapes in both directions are 
similar as the stiffness of the frame is similar in these directions. 
 

 

 
FDD SSI 

Long 
Span  

Short 
Span 

Long 
Span  

Short 
Span 

Frequency 1st  (Hz) 8.00 8.25 7.721 7.915 
Frequency 2nd (Hz) 39.75 40 39.727 39.327 
Frequency 3rd (Hz) 98.75 102 98.894  101.295 

Table 5. Natural frequency extracted by FDD and SSI  
 

8 CONCLUSION AND DISCUSSION  
 
The Ambient Vibration Test of a three-story galvanized steel frame has been performed in 
order to extract the frequencies and modal vectors. The results show that FDD and SSI methods 
provide the close estimates of modal properties. As it is shown in MAC values that all modes 
obtained using FDD are close to the corresponding modes obtained by using the SSI method. 
Moreover, the frame is stronger along long span, so its frequency is greater than other direction 
especially in third frequency. In future, these modal properties will be utilized to calibrate a 
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finite element model of the frame by using a modal updating procedures. Further work on 
damage detection conducted on additional tests is required. 
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