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DYN AM ICS OF STRUCTURES 1993 - 1997 DESCRI PTION OF PROJECTS 

B.l 

Identification of Civil Engineering Structures using Vector 
ARMAMorleis 

Palle Andersen, Rune Brincker & Poul Henning Kirkegaard 

Aalborg University 
Department of Building Technology and Structural Engineering 
Sohngaardsholmsvej 57, 
DK-9000 Aalborg, Denmark 

SYNOPSIS: This paper describes the work which have been carried out in the project B.l: Damage 
De teetion in Structures under Random Loading. The project is a part o f the research programme 
Dynamics of Structures founded by the Danish Technical Research Council. The planned contents of 
and the requirements to the project prior to its start is deseribed together with the results obtained during 
the project. The project was mainly carried out as a Ph.D. project by the first author from September 
1993 to May 1997 under supervision o f Professor Rune B rineker and Associate Professor Poul Henning 
Kirkegaard both from department of Building Technology and Structural Engineering, Aalborg 
University. 

l. INTRODUCTION 

In the mid eighties, researchers at the Department of Building Technology and Structural Engineering 
at Aalborg University, Denmark, started using time domain models for system identification of civil 
engineering structures. A common feature of the work has been the use of the so-called auto-regressive 
moving average (ARMA) models for time series modelling. The reason is the ability of these models 
to provide an accurate estimate o f the modal parameters o f a structural system on the basis o f discretely 
sampled response. This ability makes them suitable as tool for vibration based inspection, i.e. damage 
detection. In the past decade the results of this work have been reported in several papers and in three 
Ph.D. theses. However, the link between the ARMA model and the mathematical description of civil 
engineering structures has not been addressed to the same extent as mathematical description of 
dynarnic systems in fields such as electrical engineering and econometrics. Therefore, the model has 
been applied toas a greybox model in theabove references. The relation between the auto-regressive 
part of the model and the modal parameters has been well understood, whereas the understanding of 
the moving average part haS been limited. · 

In order to obtain a deeper understanding of the ARMA models, and how they are related to the 
modeiling of civil engineering struerures and damage detection, the project B.1: Damage Detection in 
Structures under Random Loading, with this as its primary objective, was granted as a part of the 
Danish Research Council frame programme "Dynamics of Structures". Another objective of the Ph.D. 
project was to implement the obtained knowledge as, especially designed, time domain software for 
system identification of civil engineering structures. The results have been reported in several papers 
and the Ph.D. thesis: System ldentification of Civil Engineering Structures using Vector ARMA Models. 
In section 9, alistof references to papers andreports prepared during the project is presented. 
This list together with the possibility to download some of these and the thesis can be seen at 
http://www.civil.auc.dk/-i6pa. A short description of the Ph.D. thesis can be seen at 
http://www.civil.auc.dkl-i6pa/thesis.htm. 
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2. PLAN FOR THE PROJECT 

The foliowing topics relating to system identification of ambient excited civil engineering structures 
were planned to be investigated. 

l. Relation between system identification using ARMA models and vibration based inspection. 
2. ARMA modelling of ambient excited civil engineering structures. 
3. Estimation of ARMA models from measmed system response. 
4 . Extraction of modal parameters and estimation of their uncertainties . 
5. Software development for system identification using ARMA models. 

In section 3, the relation between mathematical modeiling and system identification is described. Also 
deseribed are the relations between non-parametric and parametric system identification, and why it is 
desirable to apply the ARMA models in relation to vibration based inspection of ambient excited civil 
engineering structures. Finally, the scope of the work of the Ph.D. project is stated. Section 4 explains 
how the ambient excited civil engineering structme can be modelled in discrete-time by the ARMA 
model. In section 5, it is explained how the ARMA model can be estimated from measmed system 
response. The extraction o f the modal parameters and the estimation o f their uncertainties are the top i es 
of section 6. Section 7 briefly describes the software package developed during the project. Finall y, in 
section 8 condusions are made. 

3. SYSTEM IDENTIFICATION OF CIVIL ENGINEBRING STRUCTURES 
USING ARMA V MODELS 

In this section the basic concepts of system identification are introduced. Also introduced, are the 
applications of system identification in civil engineering that are of interest to project B. l. 

3.1 System ldentification 

A convenient way of describing·a dynamic system is by use of mathematical models. These models can 
either be represented ln continuous time as differential equation systems or in discrete-time as 
difference equation systems. There are in general two ways to construct mathematical models: 

w Physical model/ing. 
w System identification. 

In physical modeiling the construction of a dynamic model is based on physical knowledge and 
fundamentallaws, such as the Newton 2. la w of motion. On the other hand, if the physical knowledge 
about a dynamic system is Jimited a model o f the input l output behaviom o f the system can be o b tained 
through system identification based on calibration of a model using experimental data. lf the structme 
of the calibrated model is chosen without regard to physical knowledge the calibrated model is called 
a black box model. lf some parts of the model are based on physical knowledge the calibrated model 
is called a grey box model. On the other hand, if the calibrated model is based completely on the 
physicallaws, i.e. if it ariginates from a physical modelling, then the calibrated model is called a w hi te 
box model. Thus, system identification should not be thought of as a substitute of physical modelling, 
since identification can be based on model structures that have physical origin. Basically there are two 
categories of model structures : . 
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Q> Non-parametric model structures. 
IGf' Parametric model structures. 

In any case, physical modeiling will always be linked with parametric model structures. Common to 
both categories o f model structures is that they depend on the applied excitation, which may be one o f 
the foliowing 

Q> Instantaneous excitation. 
IGf' Periodic excitation. 
Q> Pseudo-random periodic excitation. 
Q> Stochastic excitation. 

In the case of instantaneous excitation, the system is either given an impulse or step excitation and the 
system is the left vibrating on its own. The excitation may or maynot be measured. It is also possible 
to excite the system with a known periodic excitation, such as sinusoidal, or several periodic signals 
mixed to obtain a pseudo-random periodic excitation. Finally, as an alternative to the delerministic 
excitation, the excitation might also be a stationary stochastic process with either known or unknown 
statistical properties. In any case, the dynamic behaviour can be conceptually deseribed as in figure l. 

u( t) 
Input 

Disturbane e j
v(t) 

Dynamic 
system 

y(t) 
Output 

Pigure l : A dynamic system with input u( t), output y( t) and disturbance v(t). 

The system is driven by input u( t) and affected by disturbance v( t). In some cases the user can control 
the input u( t) but not the disturbance v(t). It might also bethat the actual input is unknown and therefore 
uncontrollable in some applications. The output y( t) describes how the system reacts or responds to the 
applied input and disturbance. Therefore, the output will be a mixture of dynamic response of the 
system and characteristics of the input and disturbance as well. In general, the input at previous time 
instances will also affect the current output. In other words, the dynamic system has memory. 

3.1.1 Non-Parametric Model Structures 

The non-parametric models are deseribed by curves, functional relationsbips or tables. These analysis 
methods are : 

Q> Transient analysis. 
Q> Frequency analysis. 
Q> Correlation analysis. 
Q> Spectral analysis. 

Transient analysis is applied when the system response is transient, i.e. generated on the basis of 
impulse or step excitation. The dynamic behaviour of the system is then identified on the basis of the 
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impulse or step response. Frequency analysis is applied when the excitation is deterministic and either 
periodic, or pseudo-random and periodic. The measured excitation and the corresponding system 
response are transformed to frequency domain, and the frequency response function is obtained as the 
ratio o f the transformed response and ex citation. Cerrelation and spectral analysis are methods that are 
applied to a stationary stochastically excited system. In these cases, the excitation and the system 
response can be characterized either by the cerrelation functions in time domain or the spectral densities 
in frequency domain. Having estimated the cerrelation functions of the excitation and the response the 
impulse response function of the system can be obtained. On the other hand, if the spectral densities 
of the excitation and response are estimated instead, it is possible to obtain the frequency response 
function. 

The traditional non-parametric system identification techniques are primarily basedon the Fast Fourier 
Transform (FFT) techniques. However, the FFT has some !imitations. The most obvious !imitation is 
that the FFT assumes periodic data, which is certainly not the case for sampled response from 
stochastically excited structures. In principle, the Fourier transform assumes that the amount of data is 
infinite. In this case the frequency response functions or the spectral densities will have an infinite 
frequency resolution. However, in practice the available data records have a finite length, resulting in 
a finite frequency resolution. Since sampled stochastic signals in general exhibit non-periodicity, 
leakage errors will certainly be introduced. Further, in the case of closely spaced modes, it might be 
impossible to separate these if one o f the resonance frequencies has a small amplitude compared to the 
other. In this case the resonance frequency with the smallest energy content may be masked completely 
by the resonance frequency with highest energy content. The leakage errors are compensated by 
windowing the data before the FFT is applied, to secure periodicity of the data by damping the 
discontinuities at the ends of the data record. The problem o f windowing is, that i t introduces an extra 
damping into the system, and thus creates its own leakage problem. 

3.1.2 Pararnefrie Model Structures 

Pararnettie models are characterized by the assumption of a mathematical model constructed from a set 
o f parameters. These parameters are then estimated during the system identification. The mathematical 
model of a linear and time-invariant continuous-time system is usually in the form of a differential 
equation system. The equivalent discrete-time parametric model is a difference equation system. In 
figure l an input l output system affected by noise was shown. The appearance of the discrete-time 
parametric model that describes such a system depends on whether the input is measured or not. lf the 
input is measured, then the associated parametric model will have a deterministic term as well as a 
stochastic term that describes the unknown disturbance. lf the actual input is unknown, it is treated 
stochastically. In this case the description of input and disturbance will be deseribed by a single 
stochastic term. 

Model Structures using Delerministic Input 

The general input l output model structure used for modeiling of linear and time-invariant dynamic 
systems excited by deterministic input, is Auto-Regressive Moving Average with eXternal input 
(ARMAX) 

y(t) = G(q)u(t) + H(q)e(t) (l) 

where G(q) and H(q) are the transfer functions of the deterministic part and the stochastic part. The 
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