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Absiract  This paper describes a simplified technique of modal analysis performed on a reinforced conerete bridge in order to
obtain its in-situ dynamic properties in the 0 to 50 Hz frequency range by using iraffic as the source of excitation. The results
obtained are compared with those from previous tests on the same structure that relied upon the use of controlled excitation by
means of a shaker. The simplified technique, whilst incapable of providing any divect assessment of bridge stiffness, has
nonetheless been found to provide reasonably acourate estimates of its natural frequencies and corresponding mode shapes.

1. INTRODUCTION

Due to the need by heavy road transport users to increase the
load rating of road networks, there is a pressing reguirement
for bridge authorities to conduct estimates of the load carrying
capacity of many of the bridges nnder their jurisdiction.

Hence, in-situ dynamic testing of bridges, based upon 2
hybrid implementation of experimental and theoretical modal
analysis techniques, has emerged a5 a viable alternative to the
classical “proof-load” static testing methods, (based upon
simplified structural models), thal can be of valuable
assistance with performing a bridge load rating re-assessment.

Static testing (in which a known heavy load is applied to a
bridge deck and displacements are monitored at a selected few
points on the bridge superstructure) can only provide
estimates of some of the bridge's stiffness characteristics,
Experimental modal testing, on the other hand, can yicld a
great deal more information about the in-service condition of
the bridge through identification of its modal properties
(natural frequencies, mode shapes and damping levelsy, The
information provided can be of immense value for the
verification of finite element numerical models of the bridges
concerned which can then be used with confidence by bridge
engincers for predicting their load carrying capacities. In
addition, {and largely because measurerents associated with
dynamic testing are taken over a much finer grid than used in
static testing), it is possible that departures detected from the
expected stiffness characteristics of the structure under test can
be analysed to determine the location and severity of defects.

1.1 The University of Melbourne Experimental
Modal Analysis Testing Sysiem

In recent years, the experimental modal testing technigue, as
implemented in the University of Meclbourne dynaniic testing
package, has proves to he quite efficient and accurate in
providing detailed mformation on the modal properties of
bridge superstructures, (Chalko and Haritos (1993); Chalko et
al, {1993a); Haritos et al (1993, 19953); Khalal and Haritas,
(1994); Khalaf (19534)}.

The bridge over the flood plains of the La Trobe River on
Princess Highway East near Rosedale, Vietoria, has been the
subject of the first field test of a collaborative research
program by the Department of Civil and Environmental
Engineering at The University of Melbourne and Vicroads,
the State road and bridge authority of Victoria, that made use
of controlled input excitation of the bridge decks under
investigation,

Two adjacent 152 m simply supported spans of this 22 span
over 60 year old reinforced conerete bridge were dynamically
tested using The University of Melbourne experimental modal
analysis testing package in March 1993,

This testing package consists of a 10 tonne actuator/shaker
exciter powered by a 260 litre/min hyvdraulic power sapply
and controlled by hybrid data acquisition/control system
which 1s also used to acquire data from transducers (usually 2
complement of 10 accelerometers) that are sequentially placed
over a pre-defined grid of poiats on the bridge to measure ils
response whilst simultaneously recording details of the input
forcing from the excitation. The force and response traces are
used to evaluate Transfer Functions which are progressively
averaged {rom repeat testing in the same configuration to
reduce the levels of random "noise” on the data. These
Transfer Functions are later operated on by special purpose
software packages such as TMODE - that uses a curve-fitting
procedure in order 1o identify the patural frequencies, damping
ratios and mode shapes of the bridge deck under test, and more
recently, MMODE - that uses o global simultaneous
cigenvalue/eigenvector fit to obtain this same information
{see Chalko et al {1993) ihid).

The first of the two spans was tested in both "force/actuator”
{actuator reaction directly onto the ground) and "displacement/
shaker" modes of actuator operation (3-lonne concrete mass
suspended from the actuator which was itsell clamped on the
underside of a beam), whereas the second span was tested in
"farcefactuator” mode only. Results of the mode shape overa
grid of 28 points (see Fig. 1} have been evaluated for the two
adjacent decks as were those obtained [rom a detailed Finite
Flement Model using the package STRANDE and both sets
were made available 1o the present study, (Khalaf, (1994)).
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Figure 1. Grid on Bridge Deck Used in Qriginal Test Series

1.2 Use of Traffic Excitalion

Although these earlier field tests proved 10 be very efficient,
the main disadvantage of using controlled forced excitation
ties in the bulkiness of the major components necessary 1o
achieve this (the shaker and hydraulic and electrical power
supplies) that noed o be ransported and assernbied at different
testing locations on the bridge, coupled with the requirement
that the bridge be closed during the performance of the actual
testing, (Luz, (1992); Green (1995)).

Therelore, the objective of this most recent field test, which
was carried out on the first span tested on the La Trobe river
bridge, was to investigate the use of traffic generated vibration
records as a means of performing a somewhat simplified
“modal analysis”. (The term "simplified” is used, since the
technigue concerned does not involve any measurement of the
forcing and is based upon somewhat simplified assumptions)

The obvious major advantages of the technigque are that the
bridge does not have o be taken out of service during testing,
and that no expensive equipment is required to excite the
bridge. (These advantages are particularly useful for major,
Ing-span bridges that are difficult to excite and too important
1 close (o traffic). The obvious disadvantage is that because
the input excitation cannot be messured, this poses problems
on the technigue for performing the analysis of the vibration
response data collected,

Consequently, the purpose of the present study involved a re-
visit of the first span of the La Trobe river bridge that was
previously tested in Aprit 1995 in order te perform a re-
evaluation of the mode shapes and natural frequencies of the
deck by making use of response measurements from
excitation by traffic only on the bridge {ie in the absence of
"controbled” excitation afforded by an exciter). The original
28 point grid on this bridge was extended to 45 in order to
include further points along both edges of the span and to
provide an extended regular mesh. This was done in an
attempt to improve on the representation while at the same
time providing the capability of a direct comparison with the
resulis of the earlier study over the required 28 point sub-set
of the data. '

2. DESCRIPTION OF THE "SIMPLIFIED"
EXPERIMENTAL MODAL ANALYSIS
TESTIMG 5YSTEM

2.1 Description of System Components

The three essential components necessary for any
experimental modal testing technique to be capable of
evaluating the vibration characteristics of a bridge super-
structure are:

(i} an excitation mechanism of suitable size

(i} a transduction system to measure the vibration
response over a grid, and

(i} analysis software capable of extracting the desired
information from the measurements obtained.

All of these necessary components are identifiable parts of the
University of Melbourne experimental modal dynamic testing
svsiem package used for the field testing of bridge super-
structures.  ltem (1) would normally be the 10 tonne linear
hydraulic actuator/shaker (in the case of controlled excitation)
but here traffic excitation will be considered in its stead.

Transducers that can be used {or vibration measurements
(items (11} in the above list) include those that measure
displacement, velocity or acceleration or any other guantity
that can be directly related to deck motion. Here, a
complement of 10 accelerometers: 4 SUNDSTRAND servo-
accelerometers and & PCEB piezoelectric accelerometers have
been used for this purpose. The sensitivities of the two
accelerometer types are 5 Volts/g and 10 mV/g respectively,
which make the SUNDSTRAND model more suited to the
measurement of ow amplitude response.

Software for performing the measurements and aspects of the
experimental modal analysis include:r TSPECTRA (1992),

and TMODE (1992).

TSPECTRA can be described as a real time hybrid data
acquisition/signal conditioning and experiment conirol
hardware/soltware package. The hardware 1s based upon an
IBM compatible PC 486 computer system and includes an
ADDA card capabie of up to a 200 kHz throughout on 16
simultansously logged anti-alias filtered data channels. The
hardware system is also able to operate from battery power if
necessary in remote locations, Medules in TSPECTRA for
evaluation of Fourier transforms and manipulation of the data
series captured allow the package to operate as an equivalent
16 channel spectral analyser under software emulation on the
same computer,

TMODE can be described as a general Experimental Modal
Analysis (EMA} software package with modules for
performing curve-fitting operations, eigenvalue evaluation,
and eigenvectar extraction {(natural frequency and mode shape)
as well as for wireframe animation display of mode shapes.
A new version of the software (NMODE) with improved
elgenvalue/eigenvector fitting capabilities (Chalko et al,
{1995h)) was made available for the evaluation of modal
characteristics soon after performance of the field tests for the
present study.

The present study essentially made use of items (i) and (i)
listed above, as excitation was only from the available tralfic.
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2.2 Basis of "Simplified” Approach

Although a small number of alternative techniques that can be
used to perform a "simplified” EMA can be found in the
literature (eg Luz (1992}) most of which are based upan the
use of response cross-spectral density information and a
variety of simplifying assumptions {such as "randomicity” of
the excitation force), an alternative easily implemented
approach will be described here.

Consider a grid of N measurement points on a structure that
is dynamically responding to external forcing. The collection
of second order ordinary differential equations describing the
vibratory motion of such a structure over the grid of
measurement points, (Cralg, (1981)) becomes:

mE +ei thky = f H

where m1, ¢ and & are the (NxN) mass, damping and stiffness
matrices, and fand x are (Nxl) vectors of the force and
response traces respectively.

Now, consider the response to be approzimated to the sum of
the first M (where M << N) modes of the structure with
modal amplitudes, a, ic

= Dy {2y

where « is the required (Mx1 vector) of modal amplitudes and
@ is the (NxM) assemblage of the first M {Nx1) real
cigenvectors obtaired from Eq. (1) when both ¢ and [ are
taken as zero-valued and their scaling satisfies: I =1,
and OTReb = A, where I is the (MxM} identity matrix and A
is a {MxM) diagonal matrizx contalning the [first M
eigenvalues (corresponding to the square of the first M natural
circular frequencies, 63-13).

Substituting Eg. (2) inte Eq. {1}, we obtain the uncoupled set
of second order differential equations:

d+ed +Aa = r (33

where ¢ is a (MxW) diagonal matriz with dingonal elemeats
given by {2m;L;) where {; is the critical damping ratio of
modeiand 7 isan (Mx1) vector given by @7

Consider now the Fouricr Transform of the ith equation in the
set deseribed by Eq. (3), then

ri{w) )
ai((ﬂ) = ) 71 [6] (4)
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where @y = 3 Dy (o) (3
k=1

Now, from Eq. {2, the Fourier transform of the o' response
location becomes:

M
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where H(w)is the (NxMN) Freguency Response Function
matrix which relates response x{ o) to forcing o) (ie x(w) =
Hiwlff o} ).

Now inthco vf*c%psmc at the natural frequency of one of
the modes, ie w = Wy, it 1s found that for structural systems
exhibiting small damping (where typically, {; < 0.1}, the
contribution made by any other mode m, (where m # 1}, can
be considerad to be very small, for Wy, sufficiently separated
rom @}, i¢

Eq. {(6) can then be approximated to:

xq(@i) = Pgi ai(w}
&
2 Dy fr{w)
e
- %)

Similariy, the Fourier transform of the response at location

0" considered to be a "reference” location, at this same
natural modal frequency becomes:

™
2. By fx{w)

xplWi) = Py - )

Considering the ratio of the Fourier Transforms of the
response at the two locations g and o to be given by Ryp{w),
i

. agloy
10
Ryalon = o(®) {10
Then, from Eq. (9}, we simply have
(IJUE
q)ui - L‘O(Eﬁl) (11)
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.3 Practiesl Implementation of the Simplified
Approach

Equation (11} provides the basis for the estimation of the
modal amptitudes of mode | at any point p relative (o the
eference location o (modal amplitude has a unit value at the
reference location) from knowledge of the modal frequency O
and function Rggleak.

The choice of the reference location "o” needs satisly the
requirement that it be sufficiently far removed from a nodal
point of all mode shapes under consideration for reasonable
accuracy 0 be obtained using this method in the presence of
noise in the response data collected, Estimation of the values
of natural fraquencies 3 can be parformed by referring to the
peaks in the autospectrum of the response at the reference
iocation, Sgolw), {or any other suitable point for that
matter). {The autospectrum can be simply obtained from the
product of the Fourier transform of the response measurement
and the complex conjugate of this Fourier transform, fe
Rp{).x" (o))

Practical implementation of the method, in the case of
uncontrolled traffic excitation of 2 bridge superstructure,
requires that Rgp(w) be estimated from an ensemble average
of several realisations in order that any errors associated with
elecirical nolse in the measurement transducers be reduced o
sufficiently small levels for the values at estimated natural
frequency locations, Rgq{®1), to themselves be able 1o be
reliably estimated,

The amplitude of the mode shape at point g relative to the
refere location can then be simply estimated by
considering the magnitnde of Rqef{w) in the vicinity @ = @,
The sign of the mode shape at point g relative to the reference
jocation (whether +ve or -ve) can then be ascertained from the
hase of Rye(w) (ie tve if at or at least very close to §° and
if close to 1807,

-y

The evaluation of ensemble averaged Ry, () and autospectrs
Sgqiw (where "g" is taken over all measurement points
inciuding the reference location "o") is easily facilitated
within the package TSPECTRA by request. {The evaluation
of Ryolm) for example is equivalent to the interpretation of
Hyolm} when folw) is simply equated 1o xo{@) Ge folt) s
taken to be 15(1)). Alse, acceleration records #{1) can be used
in lieu of x{t) as these lead to an identical Rggfo).

3. RE-TESTIMNG OF THE LA TROBE RIVER
BRIDGE

Span#? of the two spans of the La Trobe River bridge which
had been previously dynamically tested using the University
of Melbourne dynamic testing package (Khalaf, (1994)) was
re-tested using the natural taffic over the bridge as the
excitation source and the simplified approach detailed in § 2
above. Because no shaker or hydraulic power unit was
required in this simplified testing procedure, all the equipment
(transducers, associated power supplies and data acquisition
system) was easily able to be transported to the site using a
standard station wagon. (Figure 2 depicts a photograph of
this 15.2m fong 6.7 m wide span taken when the re-tesling
Was In progress),

Figure 2: Photograph Depicting Experimentai Data
Acquisition of Span#2 in Progress

Principally because of the relative "insensitivity” of the 6
PCE model accelerometer ransducers (when compared with
the £ SUNDSTRAND accelerometers available to this study),
only records with "heavy traffic” ie waffic with an dynamic
intensity sufficient to provide signals of "reasonable” strength
from the PCB accelerometers, were selected for subsequent
retention and analysis during data capture.

A basic grid of 45 accelerometer locations on the underside of
the bridee deck was chosen for conducting measurements ol
the dyramic response of the bridge superstructure, {(see Figure
3). For all accelerometer re-locations, three of the
SUNDSTRAND accelerometers remained bolted onto pre-
positioned metal plates at fixed locations throughout the tests
whilst the other and remaining 6 PCR accelerometers were
relocated on an additional & occasions t0 new measarement
positions aver the grid as required: (3 + 796 = 45). Since the
PCB accelerometers were mounted onto magnetic bases, they
could easily be relocated onto the required grid point locations
identified by pre-positioned steet plates. The single "roving”
SUNDSTRAND needed to be bolted anto fixed pre-positioned
plates that had bolt holes suitably threaded for this purpose.
One of the three fixed SUNDSTRAND accelerometers, {the
ane focated over the grid point originally used for the forced
excitation of the bridge and identified as §2) was chosen as
ihe reference location for the simplified EMA procedure.

Suitable data records of 2048 data pobus per chanpel pe
record were sampled regularty over a 1/128th second sampling
interval to produce time series of 16 seconds duration. This
vesulted in a peak represented frequency (allowing for “roll-

1524 m

& SUNDSTRAND (fixed positions) !
() PCB (re-locatable posinons)
@ SUNDSTRAND (re-lotatable positions)

Cross
Section

Figure 3: Grid of Measurement Locations
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off" on the anti-aliasing filters) of 30 Hz, je 800 frequency
ordinates at 1716 Hz increments, in the requested multi-record
averaged Ryl and Sqq{(ﬂ) determinations. Some 64 repeat
test records for every group of accelerometer setting locations
were in fact used for this purpose. A total of 384 sets of time
series of all 10 accelerometer measurements were in fact
selectively recorded to satisfy the "signal strength suitability
criterion” outlined above. This was able to be achieved over
two days of testing with "normal” use of the bridge.

4. PRESENTATION OF RESULTS

A sample set of iraces for all 10 accelerometers taken from
one of the 64 realisations of the six accelerometer grouping
configurations (considered to be representative) can be seen in
Figure 4. The response due to the passage over the bridge of
a2 "heavy” vehicle {s evident in the first -5 secs of record,
Evidence of the passage of smaller vehicles, between 5 and
7.5 secs and again between 14 and 15.5 secs, is quite clear for
the four SUNDSTRAND accelerometer records but has hardly
been detected by the PCB "E” and "F" accelerometers. The
characteristic low eyele "drift" observed in all of the PCRB
measurements is associated with the high amplification of the
very small signals that result from their low sensitivity.
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Figure 4: Sample Set of Data Records

4.1  fdentification of Kodal Properties

Antospectra ensemble averaged over the repeat 64 record set of
accelerometer locations were used to estimate values of the
natural frequencies from identification of local peaks in thelr
varigtion. A representative sample of two of these variations
(for SUNDSTRANDs S1 and 83) is depicted in Fig. 5.

A sample representation of Rgq(f) for "o taken at the
reference SUNDSTRAMND accelerometer 52 and "g" at another
SUNDSTRAND acvcelerometer location, 54, (sce grid
Mlustrated in Fig. 3) is depicted over the frequency range 5 to
50 Hz in Fig. 6 and again over a more narrow {requency range
of 6 to 12 Hz {encompassing the first two natural frequencies
at ~8Hzand ~10 Hz) in Fig. 6. (The latter representation
was in fact used to "zoom" in on Rypll) so as to estimate
Rgolli} {= Ryp(my), for mj = 2afjand f; = 8 Hz and fp = 10
Hz) convenienily "by eve”.
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Figure &: Sample Ryq{fy Vartation {5 to 50 Hz)

Figure 7 Sample Rqe(f) Variation (6 to 12 Hz)

4.2 Comparisons with FEM model

Table T and Fig. 8 below compare the natural frequencies and
bridge deck mode shapes obtained by the simplified EMA
procedure above and the theoretical Finite Element Model
(FEMD of this span produced by Khalaf (1994). While some
differences are noticeable between these two independent
estimates, the agreement is sufficiently close to be considered
"guite good" for a bridge structure of this type.

4.3 Comparison with Forced Excitation Results
Figure & depicts a comparison of two representative modes

from the simplified EMA approach with those obtained from
earlier testing by Khalaf (1994} using forced excitation.

Table I: Comparison of Natural Frequencies

FIODE FEM gxpetdmeantal
Fraguencies (H2)i frequsnoiss (H2)

1 8,05 Hz 7.98 Hz
2 10,83 M2 10,1 Hz
3 15.24 Hz 15,3 Hz
I 202 Hz
5 3071 Hz 301 Hz
& 34,41 Hz 4.5 He
7 3455 He

3 39,25 Mz 39.1 He
) 442 Hr

10 44,97 Hz 45,1 Hz
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Figure 3 Comparison of Mode Shapes
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The representation is only over a 28 point grid sub-set that
conforms to the carlier tests (see Fig. 1) and includes
wireframe modelling of the beams on the superstructure.

Again the agreement in the mode shapes and natural
frequencies between these two experimental approaches is
considered to be quite good.

5. CONCLUSIONS

The use of the simplified EMA procedure described in this
paper that makes use of natural waffic excitation for
identification of the vibration modes of a bridge superstructure
has proven to be quite successful,

Modal frequencies and mode shapes obtained by the method
have been found to be in good agreement with both the
findings of a previous study on the same bridge using
controlled forced excitation and the results of an FEM modsl.

While the technique is incapable of providing direct stiffness
information on the structure nor can it provide estimates of
modal damping, (particular attributes of EMA with controlled
input forcing) it is nonetheless considered useful as a dynamic
testing tool for simple bridge structures.
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