
 

An 
Term

M. Ö

K. Be
1 iC –
2 Univ
3 Lehi

 

ABST
equip
asses
of ev

The o
meas
uation
cross
labor
ries a
corre
term 

1 I

Struc
which
mand
mater
an in
loads

The d
tion a
flecti
frequ
damp

The p
ments
and w

  

Advance
m Measu

Österreicher1, 

ergmeister2 &

– consulenten Z
versity of Natu
igh University

TRACT: Ba
pment, struct
sment. Com
aluation and

objective of 
urements) in
n of damping
-correlation 

ratory test, or
are compared
lation, provi
measuremen

INTRODUC

ctures that ar
h are made 
ds, perceptib
rials necessa

ncreased yield
s such as tem

damping of 
among other
on. Beams i

uency usually
ping is decrea

present work
s such as ve

was especiall

ed Metho
urements

A. Strauss2,

& Dan M. Fr

ZT GmbH, V
ural Resource
y, Bethlehem, 

sed on the im
tural monitor

mpared to the 
d interpretatio

this paper i
n order to ge
g values from
of signals. F

r values from
d with the m
ides the estim
nt on a railwa

CTION 

re exposed to
by using ina
le vibrations

arily lead to 
ding and thu

mperature, win

structures an
r system para
in cracked st
y an increase
asing again. 

k will introdu
elocity or acc
ly developed

od to Esti
s 

 

rangopol3 

ienna, Austria
es and Life Sci

PA, USA 

mproved sen
ring has beco
developmen

on methods i

s to present 
et the dampin
m long term 
From an init

m the literatu
measured data

mation for th
ay bridge. 

o dynamic lo
adequate ma
s are reported
a design wit

us large, freq
nd and traffi

nd structural 
ameters (Stra
tate compare
ed damping

uce an appro
celeration. T
d for the auto

imate Da

a 
iences, Vienn

nsor techniqu
ome an impo
nt in sensor a
is not able to

a method to
ng. The focu
monitoring d
tial estimate

ure, a set of t
a; the time h
he damping 

oads respond
aterials or m
d frequently
th reduced st
quent and hig
ic (Tilly & C

parts is an 
auss et al. 2

ed to the unc
(Dieterle 19

oach to estim
This approach
omatic evalua

amping V

na, Austria 

ues and the c
ortant tool in
and compute
 keep up wit

o evaluate dy
us of the met
data. The me
e of the dam
time historie
history which

values. The 

d with vibrati
must comply 
y (Spengler 2
tiffness and 
ghly dynami

Cullington 19

important fa
009) such as
cracked state
981). For a fu

mate the dam
h is based on
ation of long

Values fr

comparativel
the field of 

er techniques
th. 

ynamic data 
thod is the au
ethod is gene

mping, which
s is derived. 
h fits best, ba

method was

ions. Especia
with special

2010). The b
reduced wei

ic structural 
84, Bachman

actor in the d
s frequency, 
e, show besid
urther increa

mping from d
n the cross-c
term monito

rom Long

ly cheap com
structural lif
s the develop

a (e.g. accele
automatically
erally based o
h can be bas
 These time 
ased on the 
s tested on a

ally for struc
l architectur

benefits of m
ight. This le
movements 
nn 1997). 

damage iden
modal form

de a lower n
ase of the loa

dynamic me
correlation m
oring data. 

g 

mputer 
fetime 
pment 

eration 
y eval-
on the 
sed on 
histo-
cross-
a long 

ctures, 
ral de-

modern 
ads to 
under 

ntifica-
ms, de-
natural 
ad the 

asure-
method 

 



 

2 S

2.1 

There
accel

Gene
1993
the ti
cy do
This 
metho
evalu
metho

2.1.1 

The b
tion m
The l
bratio

where

The l

Figure

As sh
ent. T
and 1
interv

  

STATE OF T

General 

e are several
eration or ve

erally they a
, Wenzel 20
me history o
omain metho
is usually d
ods are wide

uation within
ods for both 

Methods 

basis for this
measurement
logarithmic d
on decreases

e x1 is the fir

logarithmic 

e 1: Calculate

hown in Figu
The calculat
10.9 %. This
val observed 

THE ART 

l different me
elocity. Some

are divided i
05). Within 

of the observ
ods the obse
done by a fre
ely spread a

n a long term
groups is de

in time dom

 group of me
t). One of the
decrement b
. The logarit

rst amplitude

decrement c

ed Damping fo

ure 1 the calc
ed damping 
 example sh
for calculati

ethods to cal
e of them are

n time dom
the time dom
ed values. In

erved time h
equency tran
mong engine

m monitoring
escribed in th

ain 

ethods is the 
e most comm
asically desc
hmic decrem

ߜ

e value taken

can be measu

or different tim

culated damp
values from

hows that thi
ing the damp

lculate the da
e described b

main methods
main method
n contrast to 
history has to
nsformation 
eers but are 

g work. A sh
he following.

time history
mon used me
cribes the rat
ment is define

ߜ ൌ
1
݊
ln	ሺ

ଵݔ
ାݔ

n and xn+1 the

ured experim

me windows 

ping values f
m different ti
s method is 

ping. 

amping valu
below. 

s and freque
ds the dampi
the time dom

o be transfer
(Cooley & 
with restric

hort descripti
. 

y of a dynam
ethod is the lo
te at which t
ed as: 

ଵ
ሻ 

e amplitude a

mentally and
determ
system
betwee
dampin

Figure 
can oc
vibratio
The m
depend
starting
respect
calcula

 

for different
ime periods 
sensible to t

ue from a giv

ency domain
ing is calcula
main method
rred to the fr
Tukey 1965
tions for the
ion of the m

ic measurem
ogarithmic d
the amplitud

after n-cycles

d it gives a 
mine the dam
m using the f
en logarithm
ng ratio 

ߞ ൌ
ඥሺ2ߨ

1 shows th
ccur using 
on data of co

method, in th
ds on the 
g point 
tively, whic
ating the dam

periods are 
are scattere

the starting p

ven time hist

n methods (F
lated directly
ds, for the fre
frequency do
5). Both grou
e use in auto

most common

ment (e.g. acc
decrement m
de of a damp

s.  

simple meth
mping ratio 
following re

mic decremen

ߜ

ሻଶߨ  ଶߜ
 

the problem
this metho

omplex struc
his case, str

time inte
cycles 

ch is used
mping value. 

completely d
ed between -
point and the

ory of 

Flesch 
y from 
equen-
omain. 
ups of 
omatic 
n used 

celera-
ethod. 

ped vi-

hod to 
of a 

elation 
nt and 

s that 
od on 
ctures. 
rongly 
ervall, 
count 

d for 

differ-
-4.3 % 
e time 

 



 

2.1.2 

One m
estim
the po
single
eigen
From
(SDO
Fouri

Both 
mate 
uation

3 

3.1 

The m





3.2 

In sig
(time
ing d
shorte

For a

  

Methods 

method whic
mation by freq

ower spectra
e-degree-of-

nvalues and b
m identified u
OF), logarith
ier transform

frequency d
the damping
n of the dam

APPROA

General 

main disadva

 The boun

 Boundary

The cross

gnal processi
e histories) as
dot product o
er, known fe

a given functi

in frequency

ch belongs t
quency dom
al density an
freedom PSD
based on its
univariate P
mic decreme

m from univar

domain meth
g value but th

mping within 

ACH BASED

antages of th

ndary conditi

y conditions 

s-correlation

ing, cross-co
s a function 

or sliding inn
eature (Nikol

ion the cross

y domain 

o the genera
ain decompo
alysis (PSD)
D function of
 frequency p

PSD function
ent and dam
riate PSD fun

ods describe
here are som
a long term m

D ON CROSS

e existing me

ions regardin

regarding fre

n method 

rrelation is a
of a time-lag

ner-product. 
lić et al. 2012

s correlation 

݄ሺݐሻ ൌ 	
ି

al group of f
osition (Brin
) of a given t
f each mode 
peak and sel
n of the equ

mping ratio o
unction back 

A
i
b
t
s
t
b
s
c
c

F

ed in this sec
me disadvanta

monitoring w

S-CORRELA

ethods of est

ng time interv

equency for 

a method of e
g applied to 
It is commo
2).  

is defined as

න ݂ሺݐሻ ∗ ݃

ାஶ

ିஶ

frequency do
ncker et al. 20
time history.
has to be id

lected MAC
uivalent sing
f each mode
to time serie

Another met
in the freque
bandwidth m
the i-th mod
spectrum an
the dynamic 
based on inte
see Fig. 2. B
cy, the logar
can be calcul

Figure 2. Half

ction are basi
ages in using
work. 

ATION 

timating the 

val for the tim

the frequenc

estimating th
one of them

only used for

s: 

ሺݐ  ߬ሻ݀߬ 

omain metho
001). This m
 The dampin
entified usin
 value (Brin

gle degree of
e can be esti
s. 

thod to estim
ency domain 
method. The 
de is achiev
alysis of the
signal (Flaga
erpreting val

Based on the 
rithmic decre
lated by: 

ߞ ൌ ଶ݂ െ ݂

ଶ݂ 	݂

f power bandw

ically reliabl
g them for th

damping are

me domain m

cy domain m

he similarity 
m. This is also

r searching a

ods is the dam
method is bas
ng estimation
ng the first sp
ncker et al. 2
f freedom s
imated via in

mate the dam
n is the half p

damping va
ved by usin

he time histo
a et al. 2008
lues of frequ

e selected fre
ement of dam

ଵ݂

ଵ݂
 

width method 

le methods to
he automated

e: 

methods 

methods 

of two wave
o known as a
a long-signal

mping 
sed on 
n, as a 
pectral 
2001). 
ystem 
nverse 

mping 
power 

alue of 
ng the 
ory of 
). It is 

uency, 
equen-
mping 

 

o esti-
d eval-

eforms 
a slid-
l for a 

 



 

As an
along
x-axi
calcu
(f * g
contr
positi

To ca
culate
ity is 
the fr

݂ሺݐሻ

݃ሺݐሻ

݄ሺݐሻ

As st
norm
verse

3.3 

The b
son o
a). Th
mass 

ሻݐሺݕ

Input
point
initia
evalu
from 
an in
about

The n
One m
for th

The m
test fu
time h
tion v

  

n example, c
g the x-axis. 
s to make it

ulating the in
g) is maximiz
ribution to th
ive contribut

alculate the c
e the cross-c
 to use the r
requency dom

↔  ሺ߱ሻܨ

↔  ሺ߱ሻܩ

ൌ ݂ሺݐሻ ∗ ݃ሺ

tated in the e
mal multiplica
e fourier tran

Estimatio

basic idea of 
of the measur
he test functi
system (Öst

ൌ	ݕ ∗ sinሺ

t values for t
t for the obje
al values can 
uation. Once 

several eval
nterval of ab
t 30 % (Öste

next step is t
method is to

he time interv

main step is 
function is co
history and t
value for eac

consider two
One can use 
t identical to
tegral of the
zed. This is b
he integral. S
tion to the in

cross-correla
correlation w
relation betw
main which c

ሻݐ ↔ ሺ߱ሻܪ

equations 1,2
ation if both
sformation o

on of dampin

f the cross-co
red time hist
ions are calc
tereicher 201

ሺ2ߨ ݂ ∗ ݐ  ߮

the test funct
ective metho
be found by
these initial 

luations base
out 1 Hz. Th

erreicher 201

to get a sign
o find local m
val. 

to compare 
ompared with
the test funct

ch compariso

o real valued 
the cross-co

o f. The form
ir product at 
because whe
Similarly, w
tegral becau

ation of two t
with the convo
ween the conv
can be descri

ൌ ሺ߱ܩሺ߱ሻܨ

2 and 3 the 
h functions a
of the result H

g values bas

orrelation me
ory with a se

culated synth
13).  

߮ሻ ∗ ݁ሺିకగబ

tions are the
d it is neces

y evaluating s
values are fo

ed on this me
he initial da
3). 

nificant time 
maxima in th

the extracted
h the extracte
tions is made

on step.  

d functions f 
orrelation to f
mula essentia
t each positio
en peaks (pos

when troughs
use the produ

time historie
olution of th
volution in t
ibed as: 

߱ሻ 

convolution
are transferre
H(ω) leads to

sed on cross-

ethod of estim
et of test fun
hetically base

బ௧ሻ 

e damping δ 
ssary to have
some data m
ound, a set o
ethod show t
amping value

window from
he time histo

d time histor
ed time histo
e by means o

and g differ
find how mu
ally slides th
on. When the
sitive areas) 
s (negative a
uct of two neg

es there are tw
e two discret
the times dom

 

 

 

n in the time 
ed to the fre
o the cross-co

-correlation

mating the da
ctions. This 
ed on the equ

 

and the natu
e an estimatio

manually befo
of test functio
that the frequ
es should be

m the measu
ory and use t

ry with the c
ory. The com
of cross-corre

ring only by 
uch g must be
he g function
e functions m
are aligned, 

areas) align, 
gative numbe

wo possibilit
te functions.
main and the

domain can
quency dom
orrelation va

amping is ba
is the first st
uations for th

ural frequenc
on for both p

ore starting w
ons can be de
uency should
e known wit

ured time his
these maxim

calculated te
mparison betw
elation. The 

an unknown
e shifted alon

n along the x
match, the va

they make a
they also m

ers is positiv

ties. One is t
. Another po
e multiplicat

 (1

 (2

 (3

n be replaced
main. A furth
alue h(t).  

ased on a com
tep to do (Fig
he damped s

 (4

cy f0. As a st
parameters. 

with the auto
erived. The r
d be known w
thin an inter

story (Figure
ma as starting

est functions.
ween the ext
result is a co

n shift 
ng the 
x-axis, 
alue of 
a large 

make a 
ve. 

to cal-
ssibil-
tion in 

) 

) 

) 

d by a 
her in-

mpari-
gure 3 
single-

4) 

tarting 
These 
mated 
results 
within 
val of 

e 3 b). 
g point 

. Each 
racted 
orrela-

 



 

Figur

Figure

4 

4.1 

To te
meas
ruary
Josef
senso
of the

  

re 3. New ap

e 4. Simulatio

APPLICA

General 

est the meth
urement was

y 2009. The r
fs Bahn km 2
ors, 3 acceler
e sensor in t

proach in da

on example for

ATION OF T

od the data 
s performed 
railway brid
24.985. The 
ration sensor
the middle o

amping estim

r the damping

THE METHO

of a long te
in 2008/200
ge is situated
bridge was b

rs were applie
of the first s

mation 

g estimation b

OD TO A RA

erm measure
09, during a t
d in the distr
built in 1982
ed along the 

span was use

Th

giv
bes

Fig
exa
cre
of 
3 %
som
in 
dam
des
of h

 

 

 

ased on the cr

AILWAY B

ement on a r
time interval
rict of Tulln
2/1983. For t
bridge. For 

ed. The samp

e highest cor

ݏ ൌ ݉ܽ

es the test f
t. 

gure 4 show
ample. The 
eated with a 
15 Hz and a 

% (Figure 4
me noise is a

Figure 4 b
mping is est
scribed by a 
h(t)= 0.978. 

 

 

 

 

 

 

 

 

ross-correlatio

RIDGE 

railway bridg
from Novem

n in lower Au
the measurem
the present e
pling rate fo

rrelation valu

 |ሻݐሺ݄|ݔܽ

function whic

ws a simu
time histo

natural freq
damping va

4 a). Additio
added. The r
b shows tha
timated with

a correlation 

on 

dge was used
mber 2008 to
ustria at the 
ment among
evaluation th
or the accele

ue  

ch fits 

ulation 
ory is 
quency 
alue of 
onally 
results 
at the 
h 3 % 
value 

d. The 
o Feb-
Franz 

g other 
he data 
eration 

 



 

meas
meas
accel

Figure
view)

4.2 

The s
the ou
see F
cordi
the m
are el

4.3 

As st
frequ
Four
matic
the F

Figur

  

urement was
urement orig
eration. 

e 5. Picture of
 

Static sys

static system
uter spans is

Figure 5. The
ng to ÖNOR

middle to 0.60
lastic neopre

Pre- estim

tated in Secti
uency are ne
rier Transfor
c evaluation 
FT in n Win

re 7. Pre-esti

s chosen with
ginally was p

f the bridge str

stem 

m of the bridg
s 7m, the cen
e concrete ty
RM EN 1992
0m at the bo

ene bearings.

mation of the

ion 3.3, to e
cessary. To 
rmation (RW
of the natura

ndows within

mation of th

h 1000 Hz. T
performed to

ructure (North

ge is a 3-spa
ntral span is 8
ype of the br
2-2 (Reiter 2

oundaries, as 
 

e natural freq

stimate the d
get an estim

WFT) (Österr
al frequency

n a time histo

e natural freq

The reason fo
o test the infl

(a)

(b)

h-east 
Fig
tur
fie

an continuou
8m. The cro
ridge deck is
2005). The b
shown in Fi

quency and d

damping init
mation for th
reicher 2013
y for long ter
ory. Afterwar

quencies 

for this rather
luence of dig

) 

) 

gure 6. Static
re (a) span w
eld , (b) cross

us reinforced 
ssing inclina
s B400, whic
bridge deck t
igure 6(b). T

damping 

tial values fo
he natural fre
) was used. 
rm monitorin
rds a summa

r high sampl
gital filtering

c system of t
width of latera
s-section of t

concrete be
ation of the b
ch is equival
thickness is b
he bearings o

or the dampin
equency the 
This metho

ng data. The 
tion is applie

to get frequ

The advan
od is that 
realized. T
after selec
dow from 
predefined
tions can 
are used f
summation

 

ling rate is th
g on the max

the bridge str
al and middl
the bridge de

eam. The len
bridge deck i
lent to C30/3
between 0.5
of the bridge

ng and the n
Random W

od allows an 
RWFT calc

ed to all the 
quency estima

ntage of this 
t a trigger c
This means
cting a time

m the time hi
d trigger c
decide if the

for a FFT an
n afterwards

hat the 
ximum 

 

ruc-
le 
eck 

gth of 
is 85°, 
37 ac-
5m in 
e deck 

natural 
Window 

auto-
culates 
FFT’s 
ation.  

meth-
can be 
, that 

e win-
istory, 
condi-
e data 
nd the 
.  

 



 

Using
ated s

Figur
fined
3 sign
estim
tion o
ment

4.4 

Figure

5 

The p
get d
windo
“qual
0.7 w

Figure

This m

  

g predefined
separately. 

re 7 shows th
d such that ju
nificant natu

mation of the 
of the dampi
. 

Damping

e 8. Result of 

CONCLU

present work
damping valu
ow estimatio
lity” of the e

were further n

e 9. 2D Sensit

means that c

d trigger cond

he result of 
ust the ambie
ural frequenc
damping the

ing some dat

g estimation o

the damping 

USIONS AN

k shows that 
ues for a str
on of the dam
estimations. I
not consider

tivity of the da

changes in th

ditions severa

the natural f
nt vibration b
cies (bending
e frequency a
ta were evalu

of the long te

estimation 

ND FURTHE

the present m
ructure. The 
mping a corre
In the presen
red. Another 

amping estima

he frequency 

ral load mode

frequency es
behavior is c
g frequencie
at about 13.,2
uated manua

erm monitori

With the 
the natura
observatio
condition
chosed fo

The resul
the damp
9%, but 
between 2
that the m
the observ

 

ER DEVELO

method to es
main advan

relation value
nt work, dam

advantage i
matic mon
tions diffe
rately. The
damping. I
functions w
function a
Basically i
and the da
quency an
Figure 9 
damping 
method to
the dampin

ation 

lead to signi

els (train loa

stimation. Th
considered. A
es) within 10
2 Hz was con
ally with the

ing data 

given pre-e
al frequency
on time was

ns for chosi
or the dampin

lts of the da
pingvalues ar

a significan
2% and 4%.
main dampin
vation time.

OPMENT ST

stimate the da
ntage of this 
e is given. Th

mping values w
is that this m
nitoring syst
erent load mo
e results dep
In this paper
was changed
and thus an
it is also pos
amping toget
nd damping 
shows the r
and frequen
 frequency i
ng.  

ificant chang

d, ambient lo

he trigger co
As shown in 
0Hz and 20H
nsidered. To
method of l

stimation of 
y the dampin
s calculated. 
ing the tim
ng estimation

amping estim
re scattered b
nt frequency
. Additionall
ng values are

EPS 

amping is a r
method is t

his correlatio
with a correl

method can b
tems. With t
odels can be

pend on the f
r, just the da

d to get the b
estimation 

ssible to chan
ther so that t
dependent 

result of a 2
ncy. The se
is significant

ges in the cor

oad) can be e

onditions we
Figure 7 the

Hz. For the f
o get a first es
logarithmic d

f the dampin
ng over the 

The same t
me windows 

n. 

mation show
between 0,3%
y of occuran
ly Figure 8 s
e changing d

reliable meth
that for each
on values de
lation value b

be applied in
the trigger c

e considered 
frequency an
amping of th
best correlate

of the dam
ange the freq
the result is 
correlation 
2D simulati
ensitivity o

ntly higher th

rrelation valu

evalu-

re de-
ere are 
further 
stima-
decre-

ng and 
whole 
trigger 

were 

ws that 
% and 
nce is 
shows 
during 

hod to 
h time 
escribe 
below 

n auto-
condi-
sepa-

nd the 
he test 
ed test 
mping. 
quency 

a fre-
value. 
ion of 
f this 
han to 

ue. 

 



 

ACK

The a
Cycle

REFE
 
Flesch
Bachm
Brinck

Pro
Coole

com
Dieter

sen
Flaga 

cie
Nikol
comp
9568
Österr

Ins
Reiter
Speng

ein
Da

Straus
bet

Tilly 
As

Wenz

 

  

KNOWLEDG

authors wou
e Assessmen

ERENCES 

h, R. 1993. Ba
mann H. 1997
ker R, Ventur
oceedings of t
ey J.W, Tukey
mputation 19,
rle R., 1981. M
nen und geriss

A, Szulej J, W
ents for comple
lić D, Mures

pute a cross-c
.2011.07987
reicher M., 20
stitut für konst
r H., 2005. Be
gler M., 2010
nes Antwortsp
armstadt 
ss A., Bergm
tonstrukturen.
G.P.,Cullingto
sociation of B

zel H., Pichler 

GEMENT 

uld like to a
nt” project wi

audynamik pra
7. Vibration Pr
ra C.E., Ande
the 19th Intern
y J.W. 1965. A
 S. 297-301 
Modelle für da
senen Zustand
Wielgos P. 20
ex structures. 
san RC, Feng
correlogram

7.x 
013. Monitorin
truktiven Inge
etonsorten. Ab
0. Dynamik vo
pektrums zur E

meister K., We
 Betonkalend
on D.W., 198

Bridge and Str
r D. 2005. Amb

acknowledge
ithin the I2V

axisgerecht. B
roblems in Str
ersen P. 2001
ational Modal

An algorithm f

as Dämpfungs
d. ETH Zürich
008. Comparis

Budownictwo
g W, Singer 

m. European J

ngbasierte Pe
enieurbau der 
bteilung Brück
on Eisenbahn
Erfassung der

endner R., H
der 2009, S53-
84. Dynamic b
ructural Engin
bient Vibratio

e for the CIL
V, 4 call fund

Berlin: Bauver
ructures, Prac
. Damping es
l Analysis Con
for the machin

sverhalten von
h, Nr. 111, Ve
son of determ
o I Architektu
W., 2012. Sc

Journal of Ne

erformanceana
Universität fü
ken- & Tunne
nbrücken unte
r dynamische

Hofmann S., 2
-135, Ernst & 
behavior of fo
neering (IABS
on Monitoring

LIA “Comp
ded by BMVI

rlag. 
ctical Guidelin
stimation by f
nference (IMA
ne calculation

n schwingend
rlag Birkhäus
ination metho

ura, 53-61 
caled correla
euroscience, 

alyse von Inge
ür Bodenkultu
elbau Land OÖ
er Hochgesch
en Tragwerksr

2009. System-
Sohn 

ootbridges. Su
SE) 
g. West Sussex

rehensive In
IT and FFG. 

nes. Basel: Bi
frequency dom
AC), 698 – 70
n of complex F

den Stahlbeton
er, ISBN 3-76

ods of vibratio

ation analysi
pp. 1–21, do

enieurstruktur
ur Wien 
Ö, Stand 2005
hwindigkeitsve
reaktion. Diss

 und Schaden

urveys S26/88 

x: John Wiley 

nfrastructure 
 

irkhäuser Verl
main decompo
03 
Fourier series

nträgern im un
643-1262-9 
on’s damping 

is: a better w
oi:10.1111/j.

ren. Dissertati

5 
erkehr, Entwi
sertation Univ

nsidentifikatio

 of the intern

y & Sons Ltd. 

Life-

lag 
osition. 

s. Math 

ngeris-

coeffi-

way to 
.1460-

ion am 

cklung 
versität 

on von 

ational 

 


