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A Dynamic Characterization of Long Span Bridge Using Mean FRF
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1. Introduction

U.S. economics supports the vast network
of transportation infrastructural facilities in
the form of highways, railroads, waterways,
transitways, pipelines, etc. The work of the
infrastructure is estimated to be around
$2.5 trillion. The U.S. has about 4 million
miles of paved roads and highways, and five

hundred seventy five thousand bridges.
Statistics from the Federal Highway
Department indicate that.one third of the
bridges(230,000]  are
structurally deficient. According to this, two

functionally and

hundred thousand bridges are classified as
deficient in need of rehabilitation and

require the investment of seventy billion
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dollars in tota In order to prevent the

o A8, FREEFAATY, AAFAASATAE
AdA7e

e Agistn, AFFea, Ay

o =io UiF EoE 2000 3¢ 31974 3= my
FAY 20009 4950 ERAN}E AASAFUS

BERESFCIE S H4A H15(2000. 1) 77



sudden collapse of the deficient bridges it is
necessary to put in place a rigorous bridge
monitoring and inspection scheme. While the
National Transportation Board recommends
that the bridges be inspected every two
vears, the inspections are still limited only
to visual inspection. "
What is being proposed in this article is a
way of obtaining general information about
the relative health of the superstructure of
bridges. Subsequently based on the decision-
making system, the engineer in charge may
decide to carry out more thorough inspection
of the actual structure than just visual
inspection do, by using a variety of different
methods.”™ One of the methods is the
modal test where the test structure is
excited by a force. The input and response
signals are measured by a Fast Fourier
Transform (FFT) analyzer. These time-domain
data are then processed and transformed
into Frequence Respoonse Functions(FRF).
All modal parameters are estimated from
these FRFs. Therefore, no matter how good
the parameter estimation technique may be,
the results will be poor if the FRF is not an
accurate representation of the actual
structural response. This paper provides the
technical background on the different
methods available and proposes a new
approach for the proper estimation of the FRF.
To solve these problems, most FFT

analyzers used the A\ method to estimate

the FRF. In 1982, Mitchell proposed a new

improved method called the #: method".
In 1985, Rockin, Crowley and Vold proposed
another way of FRF estimation, which

investigates an optimum but also practical
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way of estimating an accurate FRF for use
in experimental modal analysism. In order
to reduce the noise on the input and output
signals, the third method of estimating an

FRF called the H,, method is suggested as
the average or arithmetic means of the H,

and 4> methods.
2. FRF Estimation for Random Excitation

Consider the system shown in Fig. 1
which contains a noise both on the input
and output. The noise signals ni(t) and
no(t) are assumed to be uncorrelated with
each other and with ti(t) and to(t).

ti(0) I ()
~ | LINEARSYSTEM |
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ni(t) | x(t) no(t
s B o)
Fig. 1 Linear System with Noise

where

ni(t) and no(t) are the uncorrected noises
in the input and output respectively.

ti(t) and to(t) are the true input signals
of the measured system and the true
output of the system respectively.

x(t) is the input signal measured by the
FFT analyzer. which is the same as
the true input plus uncorrelated
noise.

y(t) is the output signal measured by the
FFT analyzer, which is the same as the
true output plus uncorrelated noise.

Thus, in the frequency domain, measured

output siginal is generated as



Y(N)=H(HX()+N(f) (1

where H(f) is system function and X(f)

and N(f) are input siginal and noise signal
respectively. Defining the cross spectrum of
y relative to x:

G,.(N=H(IG,(NH+G, () (9

Two signals are uncorrelated if their cross
correlation function is zero. An important
theorem developed by Wiener and Hirchen
states that the Fourier Transform of the
cross correlation function equals to the
averaged cross spectral density.‘a‘m

Therefore, we assume that the noise term
G,.(f) averages to zero. The Hi method is
computed by dividing the cross-spectral

density of the input to the output by the
power spectral density of the input.

H\(f) =M=M
Gex(f) Grx(f) 3

where the bar™ , means the averaged

value and G denotes the power spectral
density. Gwi(f) is the averaged cross

spectrum of y(t) relative to x(t). Ges(f) is
the averaged auto-spectrum of the input
Giw(f) is the averaged
cross—spectral density between the input,

ti(t) and the output, to(t). By definition,
the true FRF is :

force, x(t).

1,y = GinlD)

Gn‘.zi (f) (4)

Whereai‘n’(f ) is the true power spectral
density of the input. Following the above
system measurement model, one can obtain
G,.=G,,+G

titi ni,ni

Substituting the above
equation into (4), it yields

Giwl(f) 1
H(f)s=————=——=H ()| ———
f Guisi (f )+ Guini (f) ! iy gni.m‘ ()
Gii(f)

(5)

According to Eq.(5), Hi(f) approaches to

the true FRF, H(f). as the averaging count
increases, provided that x(t) is noise-free
and the noise only y(t) is not correlated
with x(t). If x(t) does contain a noise, it
will add to the auto-spectrum, so the

estimate is low in this case.
The H, method is contaminated by the

input measurement noise shown in Eqg.(5).

Therefore, the > method is proposed to
define an inverse method for calculating an
FRF if the x and y signals are reversed.

Gy (f)
Hi(f)==—"=

D=5 ®)
Similarly, the relationship between H:(f)

and the true FRF, Ho(f)  is given by

Guw(f)

Hz(f):Hn(f)[nM}
(7

This inverse FRF estimate, unlike the H,
method, is not sensitive to the input node.
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The #H> method is a better estimator,
especially in the case of random excitation
where the input signal is usually low in

comparison with the measurement system

noise at the resonant frequencies. If the H,
method is used in this situation, erroneous
results will be obtained. On the other hand,

the > method remains unaffected. In
addition, at resonance, the true output
signal is very large compared to the output
noise. Thus, the ratio of the output noise to
the true input power spectrum, which leads

to erroneous estimates when using the H,

method, is very small when compared to the

H, method. Therefore, the > method

yields an almost perfect estimate of the true

H, in the region of resonance. However at
the anti-resonance, the output power
spectrum drops toward the output noise
Gno,no(f), while the input power spectrum
remains high with respect to the input noise
power spectrum. Under these conditions, the

H, method fails to yield acceptable results
because of its sensitivity to output noise. In

this case, the ratio of Gk f) | wni
Gno,no(f) is small. Thus, the i method

becomes a better estimator of o. The
coherence function between two signals x(t)
and y(t) is wused to detect errors in
estimating an FRE.

G,.(f) "
2y HO Gl 6,.(1)
PRSI G lf) T GG, L)
G, (f)
(8)
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2 5 =
where 7 »:(f) is the coherence function

between two signals x(t) and y(t). Clearly,
0<7*(N21 and 7°(f) equals to 1 only if

H(f)=Hy,(f) . According to the discussion
above, this condition implies that both x(t)
and y(t) are noise-free at frequency( f).
Thus, the coherence function serves as an

indicator of data quality, and !=7'(f) is
the maximum relative error in the estimate
of H. The formula above only gives a valid
coherence estimate when a sufficient number
of independent data blocks have been
averaged: until then it is biased high, and
for a single block (no averaging) the
formula equals to 1 at all frequencies. If the
coherence is high (0.95 or greater at the

frequencies of interest) based on averaging
over several data blocks, then either i or

H, will produce a valid FRF measurement
using a small averaging count, say 5 to 20,
depending on the accuracy desired. For
modal analysis, high coherence is especially
important  near resonance frequencies
(amplitude peaks in the FRF).

From previous discussions, it can be

concluded that the H, estimator minimizes
the error due to noise on the output but it
is very sensitive to noise on the input. This

results in an underestimation of the true
FRF v around the resonance. Since i is a
low bound estimator and 7> is a upper bound

estimator, the true FRF Hy must lie somewhere
in between. This suggests the third method
of estimating the FRF as the average or

arithmetic means of i and H» as follows:



_Hi+H:

H,
o 2 (9)

This estimator is doubly contaminated by
input and output noise. Moreover, the high
and low estimators tend to correct for one
another thus yielding a better estimator of
the FRF.

Fig. 2 Description of the Model Bridge

3. Experimental and Numerical
Analysis Results of the Bridge

In order to prove the concepts developed
in this research it was necessary to perform
experiments on an actual structure. A model
of a simply supported bridge was built
towards this end. A total 528 elements and
359 entities with a 2154 degree of freedom
were used to mesh the entire bridge
structure as shown in Fig. 3.

The numerical simulation was done by
using a normal mode dynamics solver
routine in I-DEAS to obtain modal shapes
and frequencies. Since FE codes are
incapable of modeling structural damping,
damping ratios could not be obtained. To
compare the numerical model with actual
test data, a modal analysis of the model
bridge was carried out. The structure was

instrumented with accelerometers at 24

WT2x6.5 Floor Beams

Main W4x13 Beams

Fig. 4 Accelerometer Locations for Exp.Test for a Model Bridge

locations as shown in Fig. 4. The structure
was excited with an impact hammer and the
response from the sensors was measured in
the form of FRFs (Frequency response
Function). The FRF data were then
imported into MEScope for modal parameter
extraction and mode shape animation. The
experimental FRF data was curve fitted by

Table 1 Comparison of Resonant Frequencies (Hz)
between Anal. and Exp. Test for a Model Bridge

Agigltﬁcsal Exp.Results
Mode # | Freq. (Hz) Freq.(Hz) |Dam. (%)
Mode 1 11.160 8.440 0.200
Mode 2 21.140 22.290 0.130
Mode 3 28.660 29.000 0.510
Mode 4 51.760 51.440 3.260
Mode 5 57.340 55.170 4.550
Mode 6 71.480 67.070 2.750
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using a method of residues to obtain the
modal frequency, damping ratio and mode
shapes. The results from the experimental
modal analysis are summarized and
compared with the FE results in Fig. 5.

A comparison of the frequencies indicate
minor discrepancies between the simulation
and test results. The significant difference
in frequency is only restricted to the first
mode. In a situation where differences
between simulated and experimental results
are observed through all the modes,
the difference can be attributed to
inappropriate assumptions of material and
geometrical properties. The most plausible
explanation for the difference in the first
mode may lie in the modeling of the
boundary conditions. It is felt that the
actual support conditions are more flexible
than assumed at the modeling stage. A
more objective way of comparing the
numerical results with the experimental

| NumericalAnalysis |  Experimental Analysis |
Mode 1 : 11.167 Hz Mode 1 : 8.440 Hz

53 Mode 2; 22.290 Hz,

Mode 3 : 29.000 Hz

£

3‘\5 Mode 4 : 51.440 Hz

Mode 5: 55.170 Hz

[

~—J
J"}, Mode 6 : 67.070 Hz
%L N
-

Fig. 5 Comparison of Mode Shapes of a Model Bridge
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Fig. 6 Comparison of Mode Shapes (MAC) Between
Anal. and Exp. Results for a Numerically

Simulated Long Span Bridge

results involves the comparison of the mode
shapes obtained by each method. This is
done through a process called MAC as
shown in Fig. 6.

4. Conclusions

The authors have derived an averaged FRF
technique for the dynamic characterization
of long span type bridges. In this proposed
method the emphasis is to apply it to long
span bridges. The numerical analysis and
experimental test of the bridge using the
proposed method are carried out. The FEM
analysis of the bridge provided a fairly
good estimate of the actual modal parameters
of the bridge. These experimental results
indicate that the modes beyond the first
four modes are characterized by very high
damping ratios, making it harder to
identify the higher modes experimentally.
The results show that the algorithm is
good enough to use for the purpose of the
health monitoring of long span bridges.
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