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Load estimation for bridges is important as weighriotion allows a faster process of
measuring tonnage of trains. Most of the past studiave been on estimation of
moving loads from bridge response to these loadss Ts a regime where low
frequency dominant response is used to estimatdreyuency dominant loads. In this
paper impact loads, which are typically high freguye dominant, are estimated from
low frequency dominant bridge response. A time danadgorithm is presented which
identifies the impact loads applied on a structusing a two step approach. The
algorithm uses a discrete-time system model andnigsured response to estimate the
input forces acting on a structure.

The experiment is carried out on a laboratory madeln aluminium truss bridge. The
response data measured are strains at severablecat the structure. In the first step
an estimate of the impulse response is estimated fknown load for each of the
response quantities through a de-convolution pgoéshe measured response with the
applied load using optimization techniques to ceuttte problem of the de-convolution
process being a known ill-conditioned one.

In the second step, the estimated impulse respenased along with the measured
responses to estimate the loads in another optilmizatep. The load is estimated from
the responses measured at several locations arfthéhdoad is estimated statistically
using all of the individual estimates. It is showrat in this condition, robust load
estimation is possible without having any finitesakent model of the structure in a pure
output-only approach. The data is sampled at divelg low sampling rate of 2400
readings per second, which is much lower than #peaed frequencies of the impact
load. It is hence shown that even data sampleelatiwely low frequencies can provide
robust estimates of high frequency impact loads
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ABSTRACT: A time domain algorithm is presented whidentifies the impact loads

applied on a structure using a two step approachhe first step an estimate of the
impulse response is estimated for a known loadetmh of the response quantities
through a de-convolution process of the measurgabrese with the applied load and in
the second step, the estimated impulse responssed along with the measured
responses to estimate the loads in another optimizatep. The load is estimated from
the responses measured at several locations arfthéhdéoad is estimated statistically

using all of the individual estimates.

1 INTRODUCTION

The estimation of structural loads is an importpnbblem and there have been
significant research initiatives in this domain. eTktlass of problem of load
identification of impact loads typically falls ifné inverse problem category. This is
because the objective is to determine the valugb®asis of the results or responses.
When a static or quasi-static load is to be deteeahi the problem is usually easier, but
the level of difficulty increases significantly win¢he load identification is for dynamic
impact loads. These problems arise due to the ghodtion of the impact and the
appearance of relatively higher load values.

Uslu et al, (2007) showed that force could be idiedt by processing the data in the
frequency domain. This method has also been adxdat Hillary (1983) and Stevens
(1987) who identified forces for linear vibratiopstems. Frequency response functions
(FRF) Based Direct Force Estimation Method havenhesed by these researchers. In
this method, numerically calculated or experimédntaleasured FRFs are used with the
system’s responses to predict the characteristitseaunknown excitation forces. Both
numerical and experimental case studies are castietb assess the applicability of the
method to real world problems.

In the numerical studies, a structure is modellsthgi some finite element program.
Certain locations of the structure are considered the FRF matrix is generated
corresponding to these locations. The test proeedyplies a dynamic load and
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measures responses at the identified locationsigUSourier transforms, the results in
time-domain are transformed into the correspondimeguency domain values. The
computed FRF matrix is used along with the respdrespiency spectrum to identify
the force in the frequency domain. Using an invdoseier transform, the force values
are then estimated in the time domain. These ae tdompared with the measured
forces to estimate the robustness of the method.

In the experimental method, instead of estimatmgRRF from a numerical model, the
FRF matrix is measured from experimentally applyioges and measuring responses
on the structure directly. The rest of the procedtgmains similar. In both these
methods, the central feature is computing the psé@uwkerse of the FRF matrix, which
in reality is a non-trivial task. This matrix is éwn to be ill conditioned and is very
sensitive to measurement noise. The method heses Bcuracy on these grounds.

Steltzner and Kammer (1999) formulated an inverseicwral filter for force
estimation. This method uses a non-causal inversetgral filter, which may be
thought of as a compressed generalized impuls@mesgdor the structure. This method
does not rely on a finite element or any numenmcatiel of the structure, but the filter is
identified during standard vibration tests. Botinces and responses are measured and
the standard Markov parameters are identified baped the results. These parameters
are then inverted to generate the standard instraeture filter. Based upon this, the
final response measurements are parsed througfiltétigo generate an estimate of the
input force history. Since the major time consitlerss are in generating the inverse
filter, once established, this system can hencemratmost real time.

1.1 Formulation

For a linear dynamic time invariant system the oesge quantity y[.] is related to the
impulse response hl[.] for that location by:

il =3 Hn-KuH
(1)

where u[K] is the loading function. For this expeent an instrumented impact hammer
iIs used and the output from the hammer is routetthéosame data acquisition system
which is recording the responses. This is dondéabthere is no time lag in the readings
between the responses and the input. This is éslseatthat synchronicity of data is
maintained.

For the bridge under consideration where this iestone, a numerical model is not
created so the estimate is done purely from a diatan approach by first estimating
the impulse response and then using this impulsporese to estimate the loading
function. The forcing function is known to be nagra for very short intervals (about 30
samples when sampled at 2400 Hz) which is about 1@ ms. The response is also
seen to be rapidly decaying to zero. So a filteesponse is used and the response is
terminated at a point where the peaks are less 1Barof the maximum amplitude
value. This sufficiently signifies that the respersas decayed completely. The length
of the impulse response is then estimated. Thesisdy done because the length of two
convoluted vectors of length m and n is given bynAi+ Since the length of the output
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is known and the length of the forcing functiorkept to 30 samples, the length of the
impulse response is thus defined as:

N,, =N, —30+1

(2)

The impulse response for known outputs and the utsitpor estimated impulse
responses are then determined by minimizing thererbetween the estimated
responses and the measured responses. This isisipee equations (3).

2

h,u - arg mir{

3)

Data consistency was done by validating the datafshape norm and a peak norm.
The values of the shape norm can vary from -1 toHere a value of 1 means perfect
correlation and a value of 0 means no correlafieygative values imply that the sense
of the data is different. The value of the peaknm®can take any conceivable values
depending upon the data. Values close to 1 imggad correlation of the peaks. The
shape norm is the shape correlation between signatsl y and the peak norms is the
peak correlation between signalswith reference signal;yThe time series/k is
termed as a row vector of dimension equal to thraber of samples. The data is tested
using a shape norm as shown in equation (4) arehk porm as given in equation (5);
values close to 1 of each signify well correlatatbdand it is seen that the correlation of
shape norm denoted hy, for correlation between vectors gnd y, of a majority of

sensors seems to meet the high standard of acdegptabsigned by Ziaei-Rad and
Imregun (1996). Similarly a peak norm denoteddyys defined for vectors,and y;.

> G K12 li KL}

3 yIK K

_ k=1

e T

(4)

ax(y,[, ) san(ma |,
max(|y, |, ) sgn(ma, |,

iji =
(5)
where the functionmax(yy, k])is used to define the maximum value of the indiaidu
components of vectoy, considering the absolute values of each comporeut,the
function sgn(maxy | )denotes the sign that the component takes at itenmian

absolute value. The subscripts k and L define titgeerange of the particular events.
For example if the event k corresponds to one @dat test run and the event L to the
other test run, the peak norm signifies the ragbwmeen the peak values estimated in
event K and the peak values estimated in eventf lboth these peak values are
identically signed, the peak norm will have a puesitsign else the peak norm will
exhibit negative values.
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2 DESCRIPTION OF EXPERIMENT

2.1  Description of bridge

The laboratory model was an under-slung truss bridigade of aluminium. The
description of the model is as given in Table 1 #relisometric view in Fig. 1. All the
diagonals were connected to the chords by singles.bbhe chords were continuous
members. All the cross connections and track cdiorecwere also done using single
bolts.

The laboratory model was strain gauged by applgengges on members on only one of
the two trusses. The other truss was not straigegaat all. The locations at which the
model was strain gauged were on the top chordrdtecef span, the end raker on both
ends, the first diagonal members towards the tledt first vertical post towards the left

and the bottom chord at centre of span.

Table 1. Description of the bridge.

Paramete Size (mm

Tob lenath 1180 mn

Bottom lenatf 900 mn

Number of division— Top ton 8 (6 x 150 mm + 2 x 140 m
Number of division- Bottorr botiom 6 x 150 mr

Heiaht of airdet 285 mn

Spacina between main airde 285 mn

Spacina between double rail sectic  16.5 mn

Figure 1. Isometric View of Bridge

2.2  Loading and excitation

The laboratory model had a steel plate placed upercentre of it. An instrumented

hammer was used to impact this plate. The resuts these experiments were used to
do a load estimation of an impact load. Since thenther was instrumented, the
measurement of the impact load was directly doown fihe recorded data of the impact.
The measurement of the loads from the instrumemaeamer and the response from the
strain gauge locations were synchronous and cellettigether in the data acquisition

-5-
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system. There were 10 data sets which were recofet of these 5 were taken to
generate the impulse response sets. The averagedsaresponse was then considered
for load estimations at each of the sensors whalegvell correlated data. The final
load estimate was considered as the statisticah roédéhe estimates from individual
sensors

3 RESULTS

3.1 Impulse response estimates

First a data correlation is done to estimate thapshnorms and peak norms of
individual sensors to estimate which sensors gitagga signal to noise ratio and hence
should be used for doing the assessment of loddsrésults of the consistency analysis
are presented in table 2.

Table 2. Shape and peak norms for some sensorguseresponses

Sensor Minimum Mean Mean peak  Minimum
shape norm  shape norm value  peak norm
correlation norm value

factor correlation
factor

Top Chord Centre of Span

towards right 0.88 0.95 1.01 0.95

Bottom Chord Centre span

towards left 0.90 0.96 1.00 0.97

Left End Raker 0.95 0.98 1.00 0.99

First Diagonal towards right

— Front side 0.94 0.98 1.00 0.98

Right End Raker 0.87 0.93 1.00 0.96

Top Chord Centre of Span

towards left 0.92 0.95 1.01 0.96

First Diagonal towards right

— Back side 0.94 0.98 1.00 1.00

Bottom Chord Centre span

towards right 0.88 0.95 0.99 0.97

Bottom Chord extreme left -0.35 0.43 0.80 0.68

Left Vertical 0.29 0.70 0.82 0.75

As can be inferred from table 2, the first eightssss shown give high values of the
shape correlation norms for both the minimum anémmeorrelation factors. A high
value of the shape correlation factor is typicalyalue close to 0.9. These sensors
simultaneously give values of the peak norm asectosl. A value of 1 in the peak
norm signifies exact peak correlation. The sensdieh don’t give good correlation
norms are sensors which are not expected to givefisant responses for the load test
undertaken. The vertical post is ideally a zeresstrmember and hence shows low

-6 -
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signal values for the test and the extreme riglt extreme left bottom chords are
spatially fairly distant from the point of applicat of the load. The comparisons of
individual impulse response estimates for some hef well correlated sensors are
presented in fig. 2 and fig. 3. From these figuresin be seen that the impulse response
estimates at the locations where there is a highaéito noise ratio are excellently
correlated with each other. In these figures, theulse response estimate is first shown
for the entire time duration till the signal decagsd then for clarity the impulse
response is shown for a shorter time span.

3.2 Load estimates

These impulse responses are then used to estihetead by minimizing the squared
error norm between the measured response and thalated sum of the impulse
response with the arbitrary load vector. The ordisa@f the load vector are obtained in
a least square sense which minimizes the norm efdtmor. The results of the
optimization exercise are shown in figures 4 afdrsome of the load cases considered
and the summary is given in Table 3. Table 4 shawsanalysis of the errors of
prediction between the algorithm and the measupedd. Since the forces are only
measured using a relative value of the data admunissystem, the physical calibration
of the force has not been done. The force is etunas one which causes a reading of
some value in mili-volts because it has been medsidentically as such. The load
estimation being a mathematical procedure is nosttained by the physical values of
the quantities measured.
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Figure 2. Impulse Response Estimates for Top CBertre of Span — towards right
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Figure 3. Impulse Response Estimates for First @af— towards right
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Figure 4. Load Estimation for second test case
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Figure 5. Load Estimation for sixth test case

Table 3. Comparisons of Load estimations betweegsored and estimated values

Load test Peak of Peak of Error in
number measured estimated estimation

Mili volts Mili volts %age

value

1 -5.24 -5.88 12.3

2 -3.24 -3.10 -4.5

3 -5.82 -5.15 -11.4

4 -3.63 -3.48 -7.7

5 -1.75 -1.26 4.1

6 -6.01 -6.40 6.6

7 -6.64 -5.69 -14.4

8 -5.88 -6.83 16.2

9 -4.03 -4.82 19.7
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10 -5.62 -5.67 0.9

Table 4. Error analysis of the algorithm

Parameter Error — Absolute

%age value Error

%age value

Mean 1.3 9.8
Standard 11.8 6.0
Deviation

4 DISCUSSION AND CONCLUSION

4.1 Discussion

It is seen that the mean value of the absolute esiess than 10% making this a robust
method of load estimation of impact loads. If thalues are considered with the
algebraic sign, the mean value of the error reddoekess than 2%. These values
establish the estimation of impulse responses aylthese to estimate loads as a
robust load estimation paradigm for impulse loads.

This is extremely interesting because impact isknto be a very high frequency event
and even a sampling of 2400 Hz is usually inswdfiti to capture the impact
characteristics completely. The algorithm essdgtiaktablishes that even using a
relatively low frequency sampling can capture esSakrnformation of some high

frequency loading events.

4.2 Conclusion

In conclusion it is remarked that for robust anduaate estimation of time series data
depending upon a form of de-convolution procedirels essential that the time
synchronicity of the loading function has to be mtained with the outputs measured.
This is because shifting of these estimates by esmall values can reduce the
accuracies significantly as the procedure of derchution is known to have numerical
instabilities in presence of even small noise \&ll#owever, if the time synchronicity
of the inputs and outputs are maintained, it carstii@vn that the impulse response
estimates and consequently the load estimateseayaabust over several recordings of
input-output data sets.

This conclusion has also been used for estimatixlg Bbbads on real bridges by
incorporating an instrumentation scheme which idiestthe loading vector in the same
synchronicity of the outputs recorded. It has b&emwn that this significantly improves
on the existing state-of-art measurements of addd.
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