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ABSTRACT : 

In this paper, a statistical pattern recognition method based on time series analysis is implemented to a 5 Story 
steel frame model. This method uses a combination of Auto-Regressive (AR) and Auto-Regressive with 
eXogenous inputs (ARX) prediction models. The response of the system was obtained for a linear system 
subjected to white-noise input. The standard deviation of Mahalanobis squared distance between healthy and
damaged state is used to locate structural damaged sites. Three damage scenarios were studied. The occurrences 
and location of damage were identified for all cases. 

KEYWORDS: damage detection, structural health monitoring, vibration-based method, time series 
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1. INTRODUCTION  
 
Civil structures have been deteriorated due to ageing or strong ground motions of earthquakes. The attention 
paid to this deterioration and the urgent need for their rehabilitation is relatively recent. The rehabilitation of
structures clearly revealed the limit of knowledge in the field of the evaluation to gather the data necessary to 
the analyses.  
Although damage monitoring of civil structures has generated a lot of research, there is still a debate whether
the measured deviations are significant enough to be a good indicator of structural degradation.  
Between all methods based on frequency and time domain analysis that have been proposed, an innovative 
approach to assess the current health state of a structure is the statistical analysis of its measured vibration data.
This approach offers several advantages over existing modal-based damage detection methods. Modeling errors 
and modal identification limitations are avoided in this approach making it more attractive for vibration-based 
damage detection. 
In this paper, a numerical scheme to predict the dynamic response of a 5 Story Steel Frame is implemented
using the response of numerical simulation obtained from a linear system excited by a white-noise input 
excitation. 
 
 
2. AR-ARX PREDICTION MODEL  
 
Sohn et al. presented a comprehensive report providing an overview of existing damage detection methods. The
main conclusion that can be drawn from this report is that modal-based damage detection methods usually 
require large amount of high-quality data and considerable number of sensors strategically located, 
requirements that are almost impossible to get in the field. Therefore, the research community has been recently
exploring the use of pattern recognition approaches to tackle the problem of reliable damage detection when
vibration data are measured at limited locations. 
Sohn et al developed an AR-ARX prediction model, which is solely based on signal analysis of measured
vibration data. This model has been successfully implemented in various damage detection problems as
reported by Sohn et al. the mathematical derivation of the model begins by using standardized time signals as
shown in Eqn. 2.1 
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 xሺtሻ ൌ x୧ሺtሻ െ µ୶౟/σ୶౟ (2.1) 

 
where x(t) is the standardized signal of the initial signal xi(t) at time step t and μxi and σxi are the mean and the 
standard deviation of xi(t), respectively. The next step consists on the construction of AR(p) models for each
measured location. One of the damage identification features involves the use of the coefficients of the AR(p)
models. Therefore, a computationally efficient stepwise least square algorithm for the estimation of AR(p)
parameters is used herein in conjunction with the AR-ARX model proposed by Sohn et al. 
An AR model using the Yule-Walker method as proposed by Sohn is then replaced by the ARfit algorithm
proposed by Neumaier and Schneider. This algorithm computes the model order, popt, that optimizes the order 
selection criteria using QR factorization of a data matrix to evaluate, for a sequence of successive orders, the
model order and to compute the parameters of the AR(popt) model. Then, the AR(popt) model can be represented 
as shown in Eqn. 2.2.  

 
ሻݐሺݔ  ൌ ∑ ݐሺݔ௫௝׎ െ ݆ሻ ൅ ݁௫ሺݐሻ

௣೚೛೟
௝ୀଵ  (2.2) 

 
Once the AR(popt) model has been constructed, the residual error of the model, ex(t), is computed by subtracting
the data obtained from the AR(popt) model from the standardized signal, x(t). The AR(popt) coefficients, φxj, will 
later be used to locate damaged sites. Finally the residual error, ex(t), is employed in the construction of the
ARX model as shown in Eqn. 2.3 by assuming that this residual error, defined by the difference between the
measured and the predicted values obtained from AR model, is mainly caused by unknown external input.  
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௝ୀଵ
௔
௜ୀଵ  (2.3) 

 
where εx(t) is the residual error after subtracting the ARX(a,b) model from the standardized signal, x(t). Similar 
results are obtained for different values of a and b as long as the sum of a and b is kept smaller than popt as 
reported by Sohn et al. The residual errors from healthy state are defined as εx(t) and the residual errors after the 
occurrence of structural damaged are defined as εy(t). Finally, using the standard deviations of εx(t) and εy(t), the 
ratio, σ(εy)/σ(εx), is then defined as the first damage sensitivity feature. A threshold value for this ratio must be 
computed using measured vibration data obtained from different operational conditions. Therefore, a value of
this ratio larger than the computed threshold value indicated the occurrence of damage. The standard deviation 
of the Mahalanobis squared distance between healthy and damaged AR(popt) coefficients is then used to locate 
structural damaged sites as shown in Eqn. 2.4.  
  

 
ܦ  ൌ ௫௝ௗ׎ሺሺߪ െ ഥ௫௝௛׎ ሻ்ିݏଵሺ׎௫௝ௗ െ ഥ௫௝௛׎ ሻ  (2.4) 

  
where φxj

d are the AR(popt) coefficients from the damaged state, ׎ഥ௫௝௛  are the mean values from the healthy state 
and s is the covariance matrix of ׎ഥ௫௝௛ . 
The Mahalanobis squared distance is independent of the scale of the AR(popt) coefficients. Therefore, vibration 
data measurement point closest to the location of the structural damage would have the largest values of D. The
proposed AR-ARX prediction model uses two damage sensitivity features, σ(εy)/σ(εx) and D, to identify and 
locate structural damage respectively. 
 
 
3. FIVE-STORY STEEL FRAME MODEL 
 
The numerical model of the frame is based on a full scale five-story steel structure shown in Figure 1 and elevation 
views, with cross section of members are shown in Figure 2. 
 



The 14
th  

W
October 12
 
 

 

 
This structu
members w
inertia was 
1st and 2nd f
The floors 
test present
ignored, wh
was conside
The total m
m1=37600 k
In view of c
The excitat
acceleration
 

 
 
4. SIMULA
 
The acceler

World Confe
2-17, 2008, B

ure was mo
with rigid con

considered 4
floors, 1.199 
are consisted

ted by Kuroiw
hen defining
ered respecti

mass per floor
kg; 2nd floor,
changing the
tion on the 
n responses a

ATION RES

ration record

erence on Ea
Beijing, Chin

Figure

deled with t
nnections. A
4.054 x 10-4
x 10-3 m4 an

d of two stee
wa & Iemura

g the inertia, 
ively 1.8 x 10
r, including 
, m2=39000 k
e configuratio
structure is 
at masses m1

 Descr
(1) Colum
(2) Colum
(3) (1) an

SULTS 

ds are standar

arthquake E
na  

Figure 1 Vi

e 2 Elevation

two-dimensi
As for the ext
4 m4 and from
nd from 3rd to
el beams and
a (2007), the
that results

010 N/m2 and
equipments, 
kg; 3rd floor,
on of the sys
imposed at 
 to m5 are rec

Table
ription  
mns between
mns between
nd (2) damag

rdized accord

Engineering

 
iew of five st

 
 

 
n view of the

ional beam e
ternal colum
m 3rd to 5th f
o 5th floors, 8
d a reinforce
e interaction 
in 1.15 x 10

d 2.1 x 1011 N
was conside
 m3=29600 k

stem, three sc
the base by
corded from 

e 1- Damage

n first and sec
n third and fo
ged cases sim

ding to Eqn. 

    

tory steel fra

e five story st

elements, in
mns, 1st and 2n

floors, 2.560
8.026 x 10-4 m
ed concrete s
between the 

0-3 m4. The Y
N/m2. 
ered accordin
kg; 4th floor, 
ceneries are c
y a white-no

numerical s

e patterns  

cond floor re
orth floor red
multaneous

1. The thresh

 

ame 

teel frame 

n view of ob
nd floors, the 
 x 10-4 m4. A

m4.  
slab. Accord
slab concret

Young’s mo

ng to Bae (1
m4=35100 k
considered a

oise, with sta
imulations. 

educed by 20
duced by 30%

hold value se

btaining the 
total geome

As for the int

ding to previ
te and the be
dulus of con

999) as follo
kg; 5th floor, m
as described i
andard devia

0% 
% 

elected for th

responses. 
etric moment
ternal colum

ous monitor
eams have to
ncrete and st

owing: 1st flo
m5=30800 k
in Table 1.
ation of 1. T

his study is 1

All 
t of 

mns, 

ring 
o be 
teel 

oor, 
g.

The

1.0. 



The 14
th  

W
October 12
 
 

 

The results 
 
 

 
4. CONCL
 
The method
damage stat
investigate 
  
 
REFEREN
 
Sohn, H., F
pattern reco
2001 
 
Neumaier, 
autoregress
 
Kuroiwa, T.
and non sim
Technologi
 
Bae, G. (19
Disaster Pre
 
Lu, Y., Gao
Sound and 
 

World Confe
2-17, 2008, B

of the ratio σ

LUSIONS 

d implement
tes. The met
what would 

NCES  

Farrar, C. R
ognition tech

A. and S
ive models, 

. and Iemura
multaneous m
es, Chongqin

99), Study on
vention Rese

o, F., (2005).
Vibration. 28

erence on Ea
Beijing, Chin

σ(εy)/σ(εx) ar

Figu

ed for the an
thod has the 
happen if en

., Hunter, N
hniques, Jour

chneider, T
ACM Transa

, H. (2007). 
monitoring, 

ng and Nanjin

n parameter 
earch Institute

. A novel tim
83, 1031-104

0
20
40

60

80

100

1

arthquake E
na  

re plotted in 

ure 3 σ(εy)/σ

nalytical mod
advantage o

nvironmental

N. F. and Wo
rnal of Dyna

T. (2001). E
actions on M

Comparison 
Proceeding 

ng, China. 

identification
e, Kyoto Univ

me-domain au
49 

2

Engineering

Figure 3 for

σ(εx) ratio for
 

del exemplifi
of being base
l excitation w

orden, K. (2
amics System

Estimation 
Mathematical 

of Modal Ide
of World F

n and seismic
versity, Japan

uto-regressiv

3 4

    

r each damag

r 4 damage sc

fied in this pa
ed on only ou
were a colore

001). Structu
ms, Measurem

of paramete
Software,27

entification o
Forum on S

c response co
n 

ve model for 

5

ge scenarios 

cenarios 

aper showed
utput measur
ed noise.  

ural health m
ment and Co

ers and eig
7, 27-57. 

of output-only
Smart Mater

ontrol of build

structural da

case (1)
case (2

case 

 

d to be able to
rements.  It 

monitoring u
ontrol ASME

genmodes o

y systems wi
rials and Sm

ding structur

amage diagn

2)
(3)

o determine 
is important

using statisti
E, 123, 706-7

of multivari

ith simultaneo
mart Structu

res, PhD The

osis. Journa

the 
t to 

ical 
11, 

iate

ous 
ures

sis, 

l of 


