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Modal Analysis of Small & Medium Structures by Fast
Impact Hammer Testing (FIHT) Method

1 Introduction

The Impact hammer test is currently used on small structures with little damping (steel structures) in
the mechanical field. It is less usual for civil engineers to use this method to characterize the dynamic
properties of buildings, frames or bridges probably for the large dimensions, and often for the damping
of some of the materials and particularly for old structures. Another reason is the tedious analysis
which is necessary to obtain meaningful and accurate results without errors due to instrumentation and
data processing.

Since the method works at low level of energy, large dimensions and important damping are not
recommended for this use, but nowadays with the quality of the transducers and with adequate signal
processing, small and medium structures could be easily investigated. It is the case of most of the
structures tested in the civil engineering laboratories.

One of the aims of the project SERIES' (task 2.3 “software development for data processing”) is the
availability of simple tools and techniques for real-time data analysis and interpretation. The
introduction of the Fast Impact Hammer Testing (FIHT) method takes its place in a field not yet
covered by the different partners. Moreover, the objectives are to give the opportunity to the partners
to use the method for a final insertion as a part of a set of toolbox built by the team of the Laboratério
Nacional de Engenharia Civil (LNEC). The method will be used for the dynamic characterisation of
some of the structures built for the SERIES project.

The main differences, between the classical impact hammer method and the FIHT described here, is
that this last enables to get results in a very short time without reducing the accuracy.

The FIHT method has been tested on different structures, and the results were compared with those
coming from commercial tools or algorithms developed at ELSA, and used for tests described in
bibliography ([1] [2] [9] [10] [11] [20]). The result comparisons have shown a good agreement with
the FIHT method.

The signal processing which is part of the FIHT method is implemented under Matlab and requires the
installation of the correspondent FIHT toolbox. To be used without restriction it is necessary that the
tests data are written in a readable format for Matlab.

2 The Fast Impact Hammer Testing (FIHT) Method

2.1  The reasons to develop the method

The FIHT (Fast Impact Hammer Testing) developed here can give a solution to find economically,
quickly, and accurately, the main dynamical properties governing the behavior of small and medium
structures.

It cannot substitute the commercial tools, rigorous but complex and expensive, used to characterize the
dynamic properties of structures. However it brings an efficient support, to most of the needs in the
dynamic field in civil engineering laboratories, because of its high degree of automation of the
procedures.

The method briefly introduced here, is more detailed in the following paragraphs on an example of a
structure tested in ELSA?, to highlight the capacity and the advantages of the method, but also the
drawbacks.

! SERIES: Seismic Engineering Research Infrastructures for European Synergies.
2 ELSA: European Laboratory for Structural Assessment.



The structure tested is a fibre composite beam of 13 meters long, built for the European project named
PROMETEO.

2.2 The differences between the FIHT method with respect classical Hammer
methods

As the FIHT belongs to methods where the input is measured (here the hammer load), the results
representation is mainly done using the transfer function (FRF) process between the input and output.
The output could be measured by accelerometer, velocity, or displacement transducers at the own
choice of the engineer. The main difference in the testing procedure with respect the classical hammer
impact method is the extensive use of the reciprocity of the FRF which conduct to use one or two
output only (instead of an important number in the classical method) and by consequence the absence
of calibration tests.

The signal processing is performed step by step in an automatic way.

Several assumptions and criteria governed the acceptance to the next step. Some of them, mainly in the
process of modal parameters extraction, are results of statistic procedure, and some from
experimentation observations. The main criteria to validate the results are the used of the coherence
function in a very compact form, which simplify the task without disturbing the signals content.

The main assumptions in the chronologic process are:

- The FRF noise level: defined by default from dynamic testing of more than 30 different kinds of
structures, and materials for civil engineering. (It can be changed by the operator).

- The accepted coherence threshold value. Defined as previously (It can be changed by the operator).
-Damping and frequency values extracted from the FRFs are interpolated, and magnitude balanced, in
the half power band method used for the automatic extraction.

The main limitations other than the structure dimensions and the input energy, is the validity of the
transfer function reciprocity property used to fasten the measurement process which in some rare cases
could be not verified, when by example bolds in steel structures are not well connected.

The second important inconvenient could be the incapacity of the modal extraction procedure, based
on the peak peaking method, to isolate modes very closed, leading to operational deflection shape
instead of pure mode shapes.

3  Structure Description and Methodology Employed

The illustration of the method is proposed here in an example of medium structure dimensions, built
with both classical and new type of materials, namely concrete + composite fibers. As the structure had
rather small dimensions and weight, the faster and most efficient method to get accurate results on the

dynamic behaviour of the frame, was the use of the FIHT method.
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Figure 1: General view of the structure on left and input (Hammer) and output (Acceleronieter) transducers used
for modal testing




Before starting the measurement campaign it is helpful to make a quick evaluation to understand if the
hammer Impacts will be sufficient to excite the main modes of the structures. It can be done
calculating the ratio between the dynamic impact force (measured) to the weight (force) of the
structure tested. A ratio greater than 0.1 to 0.5% should be sufficient to expect adequate results. In our
case a typical ratio is about (6000 N / 310 000 N) ~1.94 % and therefore the FIHT should be well
adapted.

p01-p24:hammer tests. Mean load in each position (N)

East

17

Hem

Figure 2: Structure design with the output transducers positions (red -black), and the map of the inputs (Impacts).

The structural excitations, is given by an instrumented hammer for which the impacts generate
transient signals, characteristic of the frame tested.

In the present case the number of output transducers recorded for the dynamic tests of the structure is
seven (7 channels).

With the FIHT method we need theoretically only one output transducer, but in our case as the
structure was already instrumented for static tests, a total of seven output transducers (3 displacements
+ 4 accelerometers) in different places of the structure were recorded to acquire more information on
the dynamic behavior.

The data of the table below, with exception of the point’s number, are inserted before the test starts, for
an automatic plot of the mode shapes.

For each test, each signal is recorded on a single channel which corresponds to one file. The filename
in the example has the following mean: P12 is the test number, the following two digits (01) is the
impact repetition number, and the last digits (01: to 07) is the transducer number.

Filename, Nb. of points Transducer = Position Unit Coordinates

p120101 10104 Acceleration Ac.Po.Z4 m/s/s 190 126 150
p120102 10104 Acceleration  Ac.Po.Y4 m/s/s 190 126 150
p120103 10104 Acceleration Ac.Po.Z5 m/s/s 190 0 150

p120104 10104 Acceleration Ac.Po.Z5 Car m/s/s 190 0 0
p120105 10104 Displacement Di.2 Po.Z0 mm 0 0 O
p120106 10104 Displacement Di.8 P0.Z289 mm 289 0 0
p120107 10104 Displacement Di.l1 Po.Z42 mm 428 0 0
p120108 10104 Force Ham. po.-Z12 N 585 126 150

Figure 3: Example of test description including the channel attribution and transducers coordinates.

4 The Fast Impact Hammer Test (FIHT) Method Description and
Limitations

The tests are similar to classical impact hammer tests, where several impacts, for noise reduction, at
the same point are given to the structure, but for the FIHT only one output point is necessary. Each
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point corresponds to a particular transfer function (FRF) of the structure. In the classical method the
accuracy of the mode shapes is defined by the number of output transducers attached at different
positions, which gives the number of FRFs measured. Here, each new impact position corresponds to a
new FRF. As we need only one output transducer, the number of FRFs measured could be greater, and
then the geometrical accuracy of the modal shapes is also increased.

It is important to highlight that calibration tests are not needed as theoretically it is the same output
transducer which is used for all the tests. The possibility to obtain each FRF in different measurements
performed not in simultaneity is given by the property of reciprocity of the transfer function with
respect the excitation point. The reciprocity is available only if the tests reach very small level of strain
or displacement to remain in the elastic field, and deal with linear dynamic behavior of material and
structure assembly which is the case of most of the new structures built actually. It is less true in the
case of masonry and still worst in the case of old structures.

Even when performing several impacts in different positions seems a long operation, practically it is
much shorter than installing the same number of transducers as impact positions. Pasting, calibrating
and adding information in the setup to process the signals for each new transducer takes time and the
number of on hand transducers is generally limited. It is in this experimental part that the main
shortening is wan by the FIHT method.

Each impact positions (Input position) will therefore corresponds to the nodes of a mesh where the
FRFs are measured. It is of crucial importance in the method, to define the best position of the output
transducer as it is a single output only. This point is discussed in the following paragraph. It could be
necessary, in some cases to suppress some doubts, using a 2" or a 31 output transducers, to avoid
some mistakes in the modes definition. The work is very limited as it is only one or two channels
added to the recording system, even at the end we have most often redundancy of the results which
gives a cross check between tests.

In our case the output is a capacitive accelerometer attached to the structures, where the amplitudes of
the signals should be maximal for all the expected modes (in our case we want to measure the first 6
bending modes in the vertical direction of the bridge).

As the main aim of the tests is to obtain the modal shapes of the structure tested, one of the limitations
of the method actually is the representation of the shapes in the 3 directions coupled, as the software is
still not achieved. We can have the display of the motion only in one direction at time.

Another limitation could be the presence in a structure of material or particular devices, which do not
respect the reciprocity of the transfer function. It is the analysis of the structure, which will prevent the
use of only one output. In that case the method can be used, starting directly from the FRF recorded
from simultaneity of the measurements (multi output). We have to paid attention to perform a
calibration test before, as is usual with other methods.

4.1 Importance of the output transducer position

Generally a numerical model of a structure doesn’t always give the correct values of frequencies and
damping, but rather good design of the mode shapes. Then from the numerical mode shapes one can
define the output position where the signals are significant for the mode expected (rejection of node
positions). In this example, instead of modeling the bridge mode shapes, and assuming that the
structure is similar to a beam simply supported, for the bending modes, the best output points are
calculated analytically. The curve below shows the calculated results for the best placement of the
output transducer. It corresponds to the highest level of amplitude we can measure for all the modes
requested. The smoother will be the sloop around the peak found (as pointed by the black arrow on the
Figure 4), the smaller will be the error on the transducer position.

Two maxima at symmetric positions are solutions. The position adopted is at a distance of 1.9 m or
little less, and is the output reference accelerometer. Other accelerometers are placed at this abscissa
position, in different places, to capture information from the other part of the bridge.

The analysis to find the best output for the FIHT method, or the best input for the classical method
(which use a set of output transducers), is common to the two methods, but is very important to define
it, in the case of the FIHT method as generally one transducer only, is used for the output. Having
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define the placement of the transducers, and given that some other transducers (displacements, red
stars in the Figure 4) are already existent for other purposes it is important as the structure is mainly
composed of two parts, the deck and the carbon beam, to compare the output for each part, which
conduct to add an accelerometer on the carbon beam.

Predicted Min. Amplitude in p./cent for the 6 st. modes measured along the Bridge
45 ;
Output abscissa selected =1.9 m | ‘ ‘ ‘ *
40 + Transducers—
position
35+ for static tests
8
g 30 B
ks
$ 25 *
(&)
S 20+ R
£
€ 15+ i
<
10+ R
5 L -
0 | | | | | | I
0 2 4 6 8 10 12 14
Position on the Bridge [m]

Figure 4: Analytical results to find the minimum amplitude of the first six bending modes expected along the beam

4.2 Remarks on the different steps when using the FIHT

If the toolbox of the FIHT, running actually under MATLAB, can read on line the signal time history
of the tests, then a figure similar to the Figure 2 will be generated and modified on line. If it is not, as it
is more often the case, the processing is performed at the end of the tests.

The total number of transducers for this example for each test is 8: 4 accelerometers, 3 displacements,
and the input load given by the hammer. The coordinates of the transducers and of the impact positions
(FRF) are defined before the tests starts.

The design of the structure at rest, in that case the bridge, is also define before the tests, in a MATLAB
file with simple functions (see annex 1:‘beam’, ‘irbeam’) which could be inserted in a toolbox to ease
the display of a simple schema of the structure.

If all these data are inserted before the tests, the figure 2 will be automatically generated without the
arrows.

After each impact test the arrows are plotted until they cover the total area measured. It is also
important to note on the Figure 2 that the position of impacts (24), in pink, cover all the area of the
deck, in a regular geometry, even each elementary mesh is not square. Each position corresponds to a
FRF, each one being a mean of 5 single impacts. The mean load intensity is also mentioned by a
correspondent pink arrow length on the slab.

In parallel of the figure 2 others figures are displayed which the understanding is given in the
following paragraph, as they belongs to field of signal processing.

5 Signals Processing

5.1 General schema

As the energy inserted to excite each mode of the structure is very small because the hammer excites
the structure on a large band of frequencies, where all the modes are equally excited, noise is always
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present in the signals. Means, in the frequency domain, of the same measurements are very efficient to
remove it. A short pre-test on the structure shows that in that case, five means are sufficient to cancel
the noise efficiently. The total number of signals generated by the impacts for testing all the structure
is important and equal in our case to:

5 impacts x 24 positions x 8 (output +input) transducers = 960 signals. !!!

Because all of them contribute, in a small part, to define the correct modal parameters values, an
automatic signal processing is mandatory to check in a very few figures the validity of the overall
signals and the transducers operation.

To understand the automated signal processing, a view of the main operations between the recorded
signals (1* column) to the final results (last column), is displayed in the Figure 5. It shows that for
each point p of the structure tested (each FRF) at least 2 signals (1 input + 1 output) is measured n
times (n=4 to 10).

Time domain Frequency Modal extraction | solution Mode
For N repetitions of Time Signals domain Coherence Check modes Shape
w0 *:**:**\L*“ ‘ K i Bl o e el Dl
B 0 RS R I Al
oot — b= —I— — — | oAt -4
— = —t— —t— JH [ x
——— 1] ] : bl F2

T
AR ] A2
— “ [Auto check
B 1 R I

FIRE (PF);ergLZr?::l;esFOf
P Coherence : : B ——
Damping D modes
Amplitud
Fm
Dm
Am

Figure 5: Processing time signals and frequency analysis for modal extraction by the Fast Impact Hammer Testing
(FIHT)

From the time signals (n input +n output) at the same position p, a transfer function is computed (with
or without windowing), giving a mean spectrum of the p measurements in the frequency domain. From
the p FRF, m modes are extracted, which have their own properties which are the final results:

Modes frequency, modes damping and modes shape.

In this example as 24 points are tested we obtain 24 FRFs, means of 5 repetitions each.

As all the operations are performed automatically, before extracting the modal parameters from the
FRFs, it is necessary to check if the measurements and /or the transducers work.

The displays of 960 time history signals, for this example, which is common for a structure of these
dimensions, is not really adapted for the time needed to inspect each of the signals. Furthermore, even
the time history shows that the transducers are working, it cannot show the correlation between input
and output.

The solution adopted here is an automatic check of the signals, illustrated in the following paragraph,
and performed using an adapted display of the coherence, a function well known, in the field of the
dynamic testing.



Ac.Po.z4
P156001

pl15: 5 Impacts in .po.-Z1: meanF=5925 N p15: 5 Impacts in .po.-Z1: meanF=5925 N
x 10

Ac.Po.74 [A]
p155001

- J__ 1L __

Cdhe.on 5rep.

FRF(ch/8) mis/s/N

X= 775
Y= -126
Z= 150

200 Frequency [Hz]

Frequency [HZ]

Figure 6: example of the mean FRF of one point position on right, and on left the respective coherence function of
the same set of measurements.

For each FRF the coherence function calculated, which is a statistical function, show how much the
output is connected to the input on the frequency band inspected. A value of 1 corresponds to a perfect
correlation between the impact and the output signal measured.

On the Figure 6 an example of a FRF and its respective coherence function is plotted. It shows how the
human eye can understand easily if the measurement is correct but how is difficult to find a criteria
which eliminate erroneous measurements.

On the Figure 6 low values indicated by circles indicate problems in the measurements. The pink
circles are only problems of signal/noise ratio which can be removed by FRF filtering as explained on
the next paragraph. Red colour of the circles are real problems which are not removed by the automatic
check. It represents on left, the cut off frequency of the hammer (at very low frequency), and at right
the filter of the acquisition system which was chosen at 200 Hz for these measurements. It is then
normal that the coherence values included in the red circle are taken for the processing as they show a
real problem.

5.2 Automatic Check of the Measurements by Coherence Histograms

For a modal test as the bridge example here described, we have measured 24 FRF for each Output
transducer (7), which corresponds to (24x7=168) figures of coherence to be observed. It is a very
important time cost. In the FIHT we proposed a shortening of these operations, condensing the
information in two check levels.

The first is the histogram representation of the coherence function dividing the coherence values in
bins (default=20) and displaying the histogram of the points distribution for all the Output transducers
(OT=7) on the same graph as it is shown on the Figure 7.

p12: 13/08/08 5 Impacts in .po.-Z1: meanF=6844 M: Coherence values distribution for each channel
T T T T T T T T T

Il ch. 1 Ac Po.Z4 mean=0.9457 _
Bl ch.2 Ac.Po.Y4 mean=092978
80 H @ ch 3 Ac.Po.75 mean=0.9395 b
[ ch.4 Ac.Po.Z5 Car mean=0.93036 .
[ ch5 Di.2 Pa.Z0 mean=0.25972 Output Acceleration
70 I chE DiB Po.7289 mean=024418 channel-1 to 4
Hl ch.7 Di.11 Po.Z42 mean=02257
B0 —
Coherence Histogram of the FRFs without noise filtering

=N
=]
T
|

% of the total points nh.

a0l Output Displacement g
channel:5 ta 7

o 0.1 0.2 0.3 0.4 05 06 o7 0.8 0.2 1
values of coherance divided in 10 bins

Figure 7: Coherence histogram of the FRF on row data, and for one position. One colour by output transducer.



With this operation we divide by OT (7 in this case) the number of graphs to be observed, and in the
same time we quantify the validity of the measurement by a number (mean value of coherence) and a
histogram distribution (positive exponential, flat, etc... distribution).

It is interesting to observe that at the point position tested, the distribution and the mean values are
very different between groups of transducers; one with 3 displacement transducers, and one with 4
accelerometers. With this example, we highlight the fact that the hammer induces very small
deformations on the structure but not obviously inaccurate displacements.

This remark, conducts to process the FRF and coherence files as it is described below, to obtain a
reliable check by the coherence function and explains why the direct coherence is not used.

The above histogram shows that for displacement FRFs, the mean values are far from 1 (0.22 to 0.26)
and can indicates to the user a problem in the measurement or in the transducers. A plot of the time
signals and of the processed results of the FRF and coherence in the Figure 8, helps to understand that
the very small modal density (3" graph) of the signals is responsible of the low mean value observed
in the coherence histogram, even the transducers works, and the output signal is correlated to the input
given by the hammer.

p14: Hammer Test:13/08/08:global beh..F in-Z14: p14: Hammer Test:13/08/08:global beh.:F in-Z14: p14: 1304/08 5 Impacts in po.-Z1: meanF=8011 N p14: 13/08/08 5 Impacts in .po.-Z1: meanF=8011
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Figure 8: From left to right, example of displacement and force time history with relative FRF and coherence.
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Coherence histograms made on row data are not always adapted to perform an automatic processing.
Processing raw data could conduct to discard measurements which are not erroneous. From the
example above we can understand that only the part of the FRF with high signals-noise ratio (where
the modes are present) have to be taking account in the coherence histogram processing.

In the FIHP method, points with level lower than three orders (default) of the maximum magnitude of
the FRF processed, are removed because they represent measurements highly affected by noise and
therefore with poor coherence. This step achieved (automatically in the FIHT), processed data of
coherence could be submitted to a statistical criteria which enable the user to accept the measurement:

-Mean filtered coherence > level defined (default =0.7) (relatively to the noise)
-Histogram distribution fitted by positive exponential

p12: 1308408 5 Impacts in .po.-Z1: meanF=6844 M: "Reducted” Coherence values distribution for each channel
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Criteria of acceptance: %

. . . . : .
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Figure 9: example of distribution of the coherence values for one test (5 impacts) and for all the transducers.




Now the filtered coherence histogram has the appearance of the figure above. It shows that the criteria
is respected for the acceleration signals, meanwhile for the displacements the mean values remained
low (~0.7) but acceptable. It is a warning guiding the user to check time displacement signals which
shows to be small, but not un-coherent. An increasing exponential shape could be now fitted to the
data and the processing can continue.

A second level of automation could be performed to reduce in one graph the check of all the points’
position tested (24 in our case). In the Figure 10, on the example of the PROMETEO beam, we show
the spatial distribution of the impacts, where each stick length represents the mean of the filtered
coherence. Each value upper the limit defined as a default threshold ( 0.7) appears in blue. The default
value could be changed by the user, for particular reasons. Under the threshold value the sticks have an
orange colour which help the user to understand where are the problems in the measurements.
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Figure 10: Example of the map of the filtered coherence for 2 types of transducers: displacement (a), and

accelerometer (b).

In this way the user can understand quickly the overall tests validity. On the Figure 10 (b) the values of
coherence show that the accelerometer FRFs are of good quality with the exception of one side point
(value of 0.67) probably due to a wrong impact (among the 5 ones). The user can then verify for this
position if one of the five time signals has to be rejected.




On contrary on the Figure 10b the coherence values are much lower showing therefore poor signals for
the FRFs displacement, but in the same time the space distribution brought the following information:
farer is the impacts from the output transducer, lower is the coherence value. The coherence map
indicates, in that case that it is a problem of level of energy.

Concluding the problem of coherence analysis, on the example, we can say that seven histograms +
seven maps (for each output trans.) are sufficient to understand the overall validity of the 960 signals.

5.3 Maps of the FRFs amplitude

The last step of signal processing, before the modal parameter extraction, is the representation of the
FRFs amplitude in the direction of the motion measured. Depending of the type of transducer used for
the output, the magnitude represented could be in displacement, velocity or acceleration. As the FIHT
method used mainly the hammer impact for input, the level of displacement generated are small and it
is rather convenient to represented (after measurements) the acceleration FRFs to get visible also the
mode shape of high frequency.

In a first step the program displays simply the FRFs magnitude of the ten (could be changed by the
user) positions which have the highest level of signal (spectral energy) in the total frequency band
analysed. The plot of the curves in 3 dimensional graphs helps the user to understand if the FRFs
magnitudes correspond to physical results expected.

FRFs: Magnitude versus frequency and position - & Impacts by position. Acc in 74

B Transducer nh.

or Position Nb.

40
a0
Frag.[Hz] B0 70

Figure 11: Example of FRFs magnitude of the test no: 1 to 10 (5 impacts each) and acceleration measured in

position Z4

It is important to have a global displays of the curves, as from each of the single FRFs are extracted the
values of the frequency, damping, and mode shapes (for each of the modes excited).

Another way to read the curves for an easier meaning is also to represent the level of spectral energy
distribution in the structure in a defined frequency band. The map of the spectral energy is
automatically plotted for the output transducer selected in the frequency range required. The result,
plotted in the Figure 12, shows the map of the level of vibration in the structure allowing quick
displays of the points of the structure mainly excited in a range of frequency. The dynamic behaviour
is then easier to understand by this kind of mapping. It is important to note that the results will also
depend from the position of the output transducer. In effect even the force variations of the impacts are
taken into account in the FRF measurement, the amount of energy dispersion in the material increase
with the distance Input-Output. Therefore the interpretation of these maps has to be done with care if
the material is dispersive or if the structure is old. In effect in that cases the FRFs magnitudes
measured (||mesFRFj)||) must be multiplied by an exponential coefficient of the type:

10



d(a+2)
Equation 1: HFRF:.].H = HmesFRE.jH xe ¢
Where:

11s the input position and j the output position.

d is the propagation distance of the wave between point i and j.
a is the attenuation coefficient of the material.

o is the angular frequency.

c is the wave velocity in the material.

For steel structures this coefficient could be neglected. We can noted that in the formulation above, in
the case of collocated transfer functions (i=j) the exponential term is equal to 1 because the distance d
between i1 and j equal to zero.

The maps shown on the Figure 12 are calculated from each of the FRFs experimental magnitude, using
the Delaunay interpolation on the surface and direction of the impact measurements, and represented
by a colour proportional to the spectral energy value.

Mean Load for 24positions=6747
Map of the Spectral energy distribution in the Fre.range [0 10] Hz
for the Output transducer: Di.11 Po.Z42

Mean Load for 24 positions=6747 N
Map of the Spectral energy distribution in the Fre.range [10 100] Hz
for the Output transducer: Ac.Po.Z4

b)

Figure 12: Example of maps of the Spectral energy distribution measured in a structure for two different frequency
ranges: Lower range (0-10Hz) on the figure (a), and higher range, until 100 Hz on the figure (b).
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On each point measured the filtered mean coherence value is reported to help the user to identify a
measurement problem or a true physical behaviour. The spectral energy mapping is useful for the
structural designer which can understand the region in a structure, which will reached high level of
strain from the FRFs displacement (Figure 12 a), and high level of acceleration from the FRFs
acceleration (Figure 12 b). It shows the critical zone of a structure subject to a specific frequency range
of dynamic loading. Practically who use the FIHT method, has only to choose the output transducer
and the frequency band to display one map.

6 Modal Parameters Extraction

6.1 Principle of the fast extraction used in the FIHT

Even it is not the aim of this report to give the methodology of the modal parameters extraction, to
understand the fastening brought by the software part of the FIHT, it is necessary to explain the
principle of the modal identification used here and described in the next paragraphs. Other information
could be found in reference [1] and [2]. Only some examples of results are presented in the following
paragraphs, which corresponds to the main identified modes, and to highlight the performances of the
FIHT in a practical example.

The extraction of the frequency, damping and amplitude is performed in the frequency domain by the
implementation of a routine based on the Peak-Peaking method [3] [4], and modified to fasten and
accurate the procedure. The main modification is coming from experimental evaluations, which shows
that the higher is the peak amplitude, the more accurate will be the frequency value of the mode. This
remark conducts to balance the frequency values by the amplitude level of the peak, to obtain the mean
frequency value, coming from the different positions measured.

As the aim of this method is to obtain a quick overview of the experimental modes, therefore there is

not a FRFs curve fitting tool [5], and neither a Modal Assurance Criteria (MAC) [6], to fasten the

processing. The modes are found by empirical statistic criteria based on the dispersion of the frequency
values for all the modes and positions measured.

- First, the user selects a number of modes (Nm) to be found. The Nm higher peaks (not spurious)
are then selected in each FRF, automatically.

- For each peak the modal parameters (frequency, damping, and amplitude) are extracted from the
magnitude and the imaginary part of the FRFs by the software. We obtained a set of frequency,
damping, and magnitude values.

- To select the frequency values which belong to the same mode and therefore to find the correct
number of modes, the parameter to be optimised in the method is the frequency dispersion.
Because the frequency values obtained from measurements of the same modes, in different
positions are rarely exactly the same (for different reasons explained in [1]), and sometime in such
position (node) they don’t exist, a statistic procedure is used to calculate the best frequency
dispersion (bdf) giving the optimal regrouping of the values. The procedure is explained in the
following paragraph.

- The limits of the frequency dispersion (dfpi, and df,,x) are defined below.
dfiin is the result of a calculation meanwhile dfy,,x is a value defined by the user, but by default
corresponds to a mean value resulting from the signal processing of about 30 different structures
-dfmin= (1/ (10*T,.) where: Trec is the total time of the signals record and 10 is the interpolation
points number of the sampling frequency around each peaks. It is then equal to the frequency
resolution divided by the interpolation introduced in the modified peak peaking method.

- dfnax=0.05 Hz by default and can be changed by the user (decreased for mode coupling, or
increased for noise in signals or FRFs).
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6.2  Criteria for optimal grouping (= solution)

The solution is the ratio of a statistical (for F1 definition) and empirical (for F2 definition) functions. It
consists in finding the groups of frequency values (modes) from P (positions) different FRFs. Each
group m; should be one mode of the structure tested.

For each frequency dispersion df; exists a frequency matrix MF ¢r of P lines and m; columns. If in one
position (=FRF) there is a node for one of the mode, on this FRF there is no peak in correspondence.
Then in the matrix MF, in the line corresponding to that FRF and in the column of this mode it will
appear 0. The total number of frequency matrix considered is equal to (dfpax/dfmin). The solution
consists in finding the best frequency matrix between the set of matrix define below:

A inax
df min

Equation 2: [MFd,; (p,m)= fp,m]

Where f,, = frequency value at the position p (1< p <P) and for the mode m (1< m < mj). The total

number of modes found m; is dependent of the frequency dispersion value df;.

To reach the best regrouping (best frequency matrix), the software minimises the ratio of two functions
F1 (dfy) to F2 (dfj), which exist in the interval [dfi,in dfinax] and are defined below.

Practically, F1 can be call the “minimum dispersion”, and F2 the “maximum stability”, and the
solution will be the “minimum dispersion for the maximum stability”. We can note that the
availability of the solution is relative to the number of the measured point number P. Higher is P more
confident is the statistical solution.

The number of points of the functions F1 and F2 is then equal to (dfi.x/dfmin), because each value of
frequency mode value cannot be smaller than dfyp.

F1 definition:
For each matrix MF 4, F1 is defined by the normalised sum of the standard deviations (std of matlab)
of all the modes found together for the frequency dispersion df;:

Equation 3: F1(df)) = (m,)" '%\/Llf(fp ~ £

=\ P—-14
k=1 p=1
Note that F1 is in hertz and is calculated for each matrix MF (df; ) independently.
/. 1s the mean frequency of each group k (mode) of P frequency values.

F2 definition:

The function F2 is a step function and is dependent of several matrix MF(df;). Each step is the
dispersion width where, if m; is the number of modes for the dispersion df;, d(m,)/d(df;) =0

In other words, F2 is the length of the window dispersion from which the number of modes doesn’t
change.

s=0
Equation 4 : F2(df,) =X L,. 7, (df,)
s=1
Where L, is the length of the interval A and Q is the total number of interval (Q <1).
And X, =lif df; € A,

2, =0if df, ¢ A
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Remark:

s=0
Equation 5: df,, —df,;, = ZLA.\.
s=1

Solution definition:

Having defined F1 and F2, functions of the frequency dispersion dfi, we can write the statistic
solutions as call before: the “minimum dispersion for the maximum stability”. It corresponds to the
sorted vector Sol where each element i is defined by the following ratio:

F2(df,)
FI(df,)

Theoretically the vector Sol has i values which are the 1 steps of df,. Practically the software display

Equation 6: Sol(i) = max{

only the first three solutions (Sol(1:3)) as they represent the most probable best solutions (highest 3
ratios). If the function of the modal extraction is inserted in an automated loop, only the first solution
(Sol(1)) is used.

6.3 Physical meaning of the functions F1, F2 and of the Solution.

It is important to remember that the solution in this method is statistic/empiric and that the greater is
the number of measurement positions, the more accurate and realistic is the solution found. Therefore
the solution is not exact but represents the closest frequency value of the mean experimental values
taking account of the sampling, the interpolation and of the amplitude weighted.

It is not the result of an equation resolution but only the optima which verify the assumptions
discussed in the following.

The understanding of the solution is illustrated here on the structural example which in this case is the
results of a set of 24 measured FRFs with one output position (1 accelerometer on the deck of the
bridge beam). Each measured FRF gives a set of (mf) frequency values.

Different values of peak frequency are measured for the same mode between each of the P positions
(FRF) due to several reasons dealing with signal processing and structural behaviour. They are mainly:
-the sampling and the interpolation of the mode peaks which gives different values but very close
together (very small error).

-The amplitude differences of the same mode measured in different positions could bring an error on
the frequency value even if in the FIHT method the frequency is balanced by the amplitude level.

-The highest frequency difference is probably due to the mode coupling when this last exists, but the
error in this case is partially reduced by the amplitude level headed correction. In effect, even coupled,
the modes of high amplitude are less perturbed (in frequency) by neighbour modes of smaller
amplitude.

Given this distribution of frequency values, the objective is to find the different groups of 24 values by
modes. At this aim we have chosen to use one statistic parameter which is the frequency dispersion
(FD). If the FD is small we find a high number of groups (modes), but some elements of two
successive groups could belong to the same real modes. It is, what is highlighted in the circle of the
function F2 in the figure below. Enlarging the frequency window we can reach a stability in the
number of elements by group which could be in our case of 24 or less in case of node position. It is the
best arrangement in the probability sense. Enlarging the dispersion window, when the number of
modes stops to decrease, it means that we are over the dispersion due to signal processing. We have
reached the highest stability (step length). It is represented in the Figure 13 by the lower graph and the
longer step of this graph.

This last parameter does not reflect the ability of the separation of close modes. We need to define a
second parameter calculated in the function F1which enables to minimise the errors due to problems of
mode coupling. It is the standard deviation calculated on each group of frequency values and summed
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for all the modes (groups). Smaller will be the normalised sum and higher is the probability that the
grouping is correct, which means that peaks of the same mode belong to the same group.

The function F1 is shown in the above graph of the Figure 13.

As expected, the trends of F1 seems to be inverse of the step function F2; F1 increases because each
single std (for each group) increases with the window width dispersion. F2 in the other sense will
present always larger steps when the dispersion increases. Both functions F1 and F2 have irregular
trends.

It is reasonable to think that the best solution will be:

-Close to the first point where begins one of the longer steps of F2 because up from this point the
dispersion increment has no effect on the number of modes (grouping).

-at the local minimum of F1 in the interval A, found with F2 .

A way to evaluate the optima of both observations for the solution is to calculate the highest ratio
(F2/F1) which is the most stable configuration for the minimum local dispersion of the frequency
values applied to all the modes processed. Both functions F1 and F2 are expressed in hertz, and the
ratio is then dimensionless.

This ratio is also a curve with several peaks. The solution is the peak of maximal amplitude, but as it is
a statistic approach it is important to consider the solutions represented by the others smaller peaks.

It is the reason why the representation on the Figure 13 shows the main solutions as red stars in the
graph below of the Figure 13. The highest star is the highest ratio and then the best solution, but it is
important to consider solutions which have ratio very similar even they have a very different value in
dispersion. As actually the knowledge cannot allow to decide rigorously which of the function F1 or
F2 is the most important it is suitable to compare the solutions. The comparisons have to be done in
term of modes shapes. Generally the solution gives the same modes shapes. The user has then to
choose the most regular one.
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Figure 13: Example of solutions found for 24 positions measured, where the best dispersion, which corresponds to
the statistic solution, is equal to 0.03Hz for 17 modes found.

Others details of the process could be found in [1]. In the Figure 13 are shown an example of
solutions corresponding to the three dispersion values of the best solutions (maxima of
{F2(df)/F1(df)}). The upper graph is the sum for all the modes of the standard deviation with respect
the frequency dispersion (F1). The graph below is the number of modes found with respect the
frequency dispersion, which helps to understand how is calculated F2, but it is not the graph of F2,
and shows that from particular values of dispersion the number of modes is stable. These points are
candidate for the solution.

Then the user can visualise all the modes shapes for each solution found. Generally the first one is the
solution chosen by the user.
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6.4 Representation and results of the parameter extraction

An example of FRF identification is shown in the Figure 14 below. It could be seen that on each peak
identified, the blue stars corresponds to the half power band values measured. Red parts of the curve
are modes still un-identified, for their low level of magnitude. The user can force to access to the
modes un-identified increasing the mode number requested.

The principle followed in this method is that the dynamic behaviour is nearly not affected by the
modes of low amplitudes (red part of the FRF in the figure below), and then their contribution in the
behaviour of the structure could be neglected. The method is oriented to practical applications.

x 10

Ac.Po.z4
p195001

p19: 5 Impacts in .po.-Z1: meanF=5376 N

FRF(chV/8) mis/s/N

Data points
Figure 14: example of automatic extraction results of one FRF, for a vertical output accelerometer on the deck.

After the automatic identification process all the FRFs are plotted with the value of frequency and
damping of each peak as it is shown on the figure above. An example of results after the complete
processing is shown in the table below which corresponds to the combination of 24 FRFs and for three
output transducers only (3 columns). Each sub-column corresponds to one modal parameter:

The first is the frequency, then the damping and the third the maximum dispersion of the frequency
value for the mode found (simpler but similar to a classical Modal Assurance Criteria value). Smaller
is the 3" parameter and more confident is the results found.

Central Displacement Acceleration.Po.Z4 Acceleration.Po.Z5
Middle span South edge central on carbon beam
(Vertical. Direction) (Vertical. Direction) (Vertical. Direction)
22427 3.8139 1.7728 6.6333 5.6782 3.2746 6.9415 3.4977 1.0762
6913  3.8294 0.9527 6.9685 3.6738 1.6450 14.5682 2.5197 1.0582
15.5804 2.2164 1.3422 14.5915 2.3884 1.4881 15.6060 2.5747 0.9896
35.5708 0.2042 2.1082 15.6066 2.6047 1.3420 20.9835 3.3967 1.4146
36.5460 0.2346 2.3860 21.1717 1.7376 0.8944 22.4642 1.9404 0.4383
22.4842 1.8966 0.5426 26.9951 1.0382 2.9244
29.4690 1.5541 0.9104 429814 1.9092 1.1581
30.6082 2.0741 1.3252 60.5290 1.6361 1.9965

Figure 15: Example of table of the frequency, damping and dispersion for each mode found and for two different
types of output transducer.

It is interesting to note that the first mode of bending highlighted in yellow for the three transducers,
has frequency values in well correspondence in each output transducer, and all of them give a high

damping value with respect the other modes. It is an indication to the user that the mode is probably
coupled.
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From the redundancy of the measurements (3 outputs represented in the table), on the 2" column the
acc. Po Z4, it is clear that exists a mode close to the first bending, with a high level of damping (5.7%).
It is important to note that the method identify modes distant of less than 5% in frequency, but cannot
calculate the damping with accuracy. The mode shapes in Figure 17 and in Figure 18 will give the
explanation of this high level of damping. The facility to obtain the modal parameters and the mode
shapes allows, comparing in a quick time, the use of several output transducers together, for a best
understanding of the dynamic behaviour.

7 Mode Shapes

7.1  Mode shape calculation

The final step of the method is the mode shape representation.

In the previous step we have extracted the values of the Magnitude (Mgf)m and the Imaginary part
(Irf)m for each value of the mode m identified. In the FIHT, each experimental points P of the
structure, when subject to vibrations, for each mode m, takes the following coordinate at each time
step t,

With: -1<t <1 chosen for the mode shape animation.

Ppc (t)=[ point coordinate at rest (Xo0,Y0,Z0) + A .{Mys. sign (Ifrf)}m’c(t) ]

Where A is the amplification factor of the dynamic part (2" member) of P.

The default value of A is 200.

Note that only one coordinate c is affected by the dynamic part, in this example but if measurements
exist in others directions, the same calculation will be performed for the other coordinates.

On the Figure 16, the red arrow and point, shows which values are taken for the mode considered.

All the information from the process of modal extraction is stored in matrix of Matlab. An example of
the command of extraction is shown below and enables to understand how easy is the processing for
the user which can change one parameter to get the results expected. The software line, which calls the
routine of modal analysis, is shown below.

(Mfrf )m . Slgn (Ifrf)m
p20: 5 Impacts in .po.-Z2: meanF=5376 N p20: 5 Impacts in .po.-Z2: meanF=5376 N
18 x 10 Ac.Po.75 Car [A] 2 x 10 Ac.Po.75 Car |
- i T T p205004 p205004
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[0]
0 40 60 80 60
Frequency [HzZ] Frequency [Hz]

Figure 16: Example of mode shape value calculation from the FRF complex representation at one position (p20) and
for the mode m (red symbol).

[NFR NDA NAM FRFP NCOL FDM]= modal(Vec,Nbm,Crm,Four,Fi);
INPUTS: (the 3 first are compulsory)

-Vec=list of FRF measured and stored in vectors,

-Nbm=nb. of modes searched in each FRF

-Crm= criteria on modes =in how many FRFs we expect the presence of the modes. In other words,
peaks at same frequency(or nearly) are considered modes is they are observed in at least Crm FRFs or
positions.
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The following parameters are optional:
-Four= dispersion range requested in % if different of the default (=[0.1 to 10%])
-Fi= filter value (if different of the default, to extract, by example closed modes
(define in point number)

OUTPUTS parameters:

Matrix of Peaks frequencies (NFR), damping (NDA), amplitude (NAM), address (FRFP),
NCOL =nb. of the columns which respect the criteria Crm,

FDM=matrix of frequency damping and standard deviation of each mode found.

7.2 Mode shapes representation

To fasten the work for the user which have to design the structure, two simple functions (beam and
irbeam) in matlab are implemented for the representation of the structure at rest (see annex 1). The
display of the structure at rest and of the mesh of all the FRFs positions and surface, is, then
automatically generated, if the coordinates and the direction of motion are previously inserted in a
matrix of coordinates.

The program shows, by increasing values of the frequencies an animation of each mode shapes,
moving the surface in the measured direction. As the mesh of the moving surface measured must be
dense enough to produce accurate results (more than 900 regular meshes for each surface), the
interpolation of the impact position is then irregular, and is computed by the Delaunay triangulation.
Different examples of mode shapes obtained by the FIHT method for this structure are illustrated in
the following figures (15 to 19). All are pictures of the maximum curvature (the software stops its
animation at this point and save the picture). They are amplified by a factor selected by the user
(default=200 for a significant dynamic motion). During the processing, the mode shapes are animated
and could be saved in “files.avi” format, or “.jpeg” for fixed image as below.

Flapper mode no:1
¢ Mode ot Freq.=6.602 from Acceleration: F=6.60 Hz

Figure 17: mode shape of a flapper mode of the bridge edges in Y direction.

It is important to note that the output transducer type, here an accelerometer, will give mode shape
with amplitude in the unit of the FRF. Here m/s2/N, which amplify the amplitude of the higher modes
for acceleration modes. We can note the regular mesh created by the triangulation from the irregular
measurement positions (red stars).

7.3 Short Analysis of the method accuracy on mode shapes examples

In the following figures are illustrated the main bending modes shapes of the deck along the X
direction.
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It is important to note that the modes are very well identified from the different shapes as it is shown in
the Figure 18, and Figure 19 as examples.

The frequencies have a rather narrow dispersion with respect the different output transducers. The
dispersion increase when the mode coupling is important which is the case of the first bending mode.
The values of damping are overestimated due to the identification methodology and because most of
the modes are strongly coupled to torsion or “flapper” modes.

From the analysis of the Figure 18 and Figure 20 we can highlight how the FIHT is accurate, as the
measurements show perfectly the exact boundary condition. In that case, a rigid support will have
shown no displacement at the support; here we can observe that the support are elastic, (made of
rubber from the designer).

This is a very important result for the method, as it can bring to the model designer, information of
high interest on the boundary conditions, which are most often affected of important error in the
numerical analysis.

When different types of transducers are used on the same structure, some correlation checks are also
possible to reinforce the quality of the measurements. It is the case here, between the displacement and
the acceleration transducer for the first bending mode, which are phased of 180 degrees each other.
Another remark from the mode shape display of the Figure 18, is, how the mode shape amplitude is
dependant of the transducer type; for low modes, we have large displacement amplitude and much
smaller for acceleration amplitude caused by the ratio of the square of the frequency.

Maode Mo:1 Freq.=5.9415 Bendlng mode no:l
from Acceleration: F=6.94 Hz

-100

kS ¥

Displacement hode Mo:2 Freq.=5.9133

Bending mode no:1
408 — from Displacement: F=6.91 Hz

Figure 18: example of mode shapes of the same bending mode (no: 1) measured from acceleration above, and from
displacement below.

Finally the accuracy of the method is here still well illustrated by the regularity of the acceleration
mode shape with respect the displacement mode shape which is affected by an important noise in the
signals, giving irregularity in the shape.
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Bending mode no:2
From acceleration: F=30.8 Hz

: kode Mo:9 Freqg.=30.6052

Figure 19: mode shape of the second bending mode (In “free free” condition) measured in acceleration

It is important to note in the Figure 19, that the bending mode measured is a typical bending no: 2 for a
beam in free-free edges. The mode (as all bending modes) is obtained with a good accuracy due to the
important number of points measured. From that it could be possible to quantify the elasticity of the
supports as the deflection of the deck is very important at the level of the rubber support abscissa.
Another kind of mode also identified by the method, which is a non structural mode, where the deck in
that case has no strain (in the error limit of the measurements). It is a rotation of the deck on its centre,
due to the elasticity of the support.

Rigid body mode
F=15.6 Hz

Mode No:3 Freq.=15.606

Figure 20: Rigid body mode shape of the deck on the elastic supports

This measurement bring also information on the boundary conditions, which seems to be closer to
“free-free” beam than a “simply supported ““ beam as expected.

Finally we can illustrate two important remarks on the method, by the comparison of the modes shapes
of the Figure 19 and the design of the mode shape of the Figure 21.

First, even the frequency difference between the modes is small (30.8 for the bending and 29.5 for the
torsion) the shapes are completely different which means that the instrument, but mainly the method
extraction and peak-grouping is sufficiently efficient to separate the two kinds of dynamic behaviours.
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. Mode MoS Freg =29 41469

Torsion mode
R =g F=29.5 Hz

Figure 21: Main torsion mode coupled to a flapper mode of the deck. From acceleration measurements

The second remark concerns the amplitude of the modes. It is clear from the Figure 21 and Figure 18
that torsion amplitude is much higher than bending, and this could be seen on the FRF curves. It is
confirmed by the geometry of the bridge which is stiffer in X direction and more flexible on each side
of the deck width. The method is still here enough efficient, to compare the level of flexibility for each
type of modes.

8 Implementation of the Logarithmic Decrement in the FIHT
Method for Accurate Damping Measurement

As the half power band method used in FIHT is not very accurate for the evaluation of the damping in
the structure, as is shown on the Figure 22, for each of the mode extracted, the toolbox of the FIHT
contains a special function adapted to the evaluation of the damping from time signals.

With this option, and only if a doubt exists on the results obtained with the FIHT method, as is the case
above, the damping value could be extracted from time signal after an automatic digital filtering as
shown on the Figure 23. In the example (first bending mode at 6.9 Hz) the problem of damping error
due to the method seems solved by the application of the function.

It is important to mention that in the case of modes highly coupled it is very difficult to get an
automatic filter able to reject one of them. This inconvenient is one of the main limitations of the
automation process of the function here described. Parameters extraction in particular cases as the one
mentioned before always causes problems of identification with nearly all the methods.

It is more convenient, if necessary, to perform other tests, addressed to the specific case to remove the
uncertainty. If a fast processing is possible as it is the case with the FIHT, the knowledge of the
problem will be discovered in time before the instrumentation is removed, and others tests are
possible.
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Figure 22: Case of high coupling between modes (bending 1 and flapper modes) giving not accurate damping values

Concerning the practical aspect of the use of the function, the automation required only the mode
number you want to apply the procedure, then the routine displays the filtered signal with the damping
found and the error between the experimental envelops (irregular in that case) and the fitted equation.
The damping is calculated by fitting the mean of the two experimental envelops, (envelop of maxima
and envelop of minima) with a decreasing exponential function, which the parameters give the
equivalent viscous damping of the signal. The fitting is performed under Matlab using the simplex
optimisation method.

An example is shown below, which correspond to the upper right extraction (p10) of the Figure 22.

p10: Hammer Test:global beh.:F in -Z10: Meanrelerror= 17.8%  Iglobal beh.:F in -Z10:

1.5 . . : : Exp.data
2 SN SO
! i : ! : Fitted Eqj.
' ! Damp.= 97941 %!
0.5
-b‘:&\—__:-" " "
I T e e Fitt. Sig.

p100203

Acceleration m/s/s

-0.5

time (sec)

Figure 23: global damping evaluation by the envelopes decay fitting, on a filtered signal of acceleration.
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9 Conclusion

The Fast Impact Hammer Testing method implemented and described in the example above and used
for modal testing, have proved to be very efficient in time saving, both for the tests and for the signal
processing, and without reducing the accuracy. The method has been used with success, also on real
structures, as the Spanish motorway bridge shown in example, and on the real scale frames tested in
the ELSA laboratory.

Since the procedure is totally experimental, founded mainly on statistical treatments, one can complain
on the absence of a model. However the aim is to perform experimental modal analysis in situ so to
have quickly the main results, to be sure that the measurements are accurate and their space
distribution is appropriate. The method helps also to decide if others measurements are needed,
cancelling the doubt that the tests number is insufficient.

Engineers performing experimental analysis know very well the unexpected dynamic behavior of a
real structure with respect to numerical models and it is fundamental to have a tool which can bring a
quick response to confirm or not model results. The FIHT method, for small and medium structures is
part of these objectives; moreover it enables to highlight the presence of difficulties in extracting
modes, and therefore guides the engineer to choose another method (commercial powerful tool) more
apt to solve the problem encountered.

The main achievements in the FIHT method are:

For the tests, the use of the reciprocity of the transfer functions.

For the processing, it is the use of coherence histogram coupled with the FRF filtering and mapping,
which introduce a novelty in the field. Finally the modal procedure extraction is drastically reduced
and eased by the use of criteria and statistic treatment based on a large campaign of experimental
modal analysis.

It is important to note that, even the time needed is shorter than in traditional methods, the accuracy is
generally globally increased as the points measured in the structure could be generally much more than
in traditional modal testing where the number of accelerometers is limited. This last remark shows that
the FIHT method is able to give an improvement to the experimental methods used in non destructive
testing of civil structures.

However the method needs to be improved for a “real-time” use, which is part of one task of the
SERIES project.
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Annex 1

Examples of “beam” and “irbeam” matlab functions used in the FIHT toolbox to help to a quick built
of simples structures or deformed structures

The first utility of these 2 functions is, when in the group of FRFs of the structure tested, if the corner
(or extremity) positions are all part of the experiments, then an automatic generation of the structure
could be performed using only the coordinate of the FRFs position, already inserted before the signal
processing. In other cases the extremities could be inserted as “virtual” transducers.

Help of the Function “beam”
function [Sx,Sy,Sz] = beam(x,y,z,nf,color)
%[Sx,Sy,Sz] = beam(Xx,y,z,nf)
%Beam Generation with rectangular section. The vectors X,y,z must be in the same
unit.
% generate a beam on 3 axes with the following dimensions and positions:
% dimensions are equal to the maximum and minimum of each vectors X,y,z.
% DEFAULT: if one of the vector X,y or z is empty its default values are:
% [0 (beam length)/20], where length is the maximum length of the 3 directions.
% The position of the beam plotted in the 3D figure, starts at the minima of
% X, y, and z. Default is O.
% nf= Ffigure number where the beam is plotted(default=new figure).
% color= color of the face of the beam.
% Sx,Sy,Sz are the 3 components(matrix) of the mesh to be plotted.

%Examples:

% beam([O 1 2 4 8 18 26],[]1.,[2 4 6],10, "magenta®”);

%plot a beam on the figure 10, of length of 26 and with a section of (26/20)X4
and cantered to 4 in z direction, and 1.3 (=26/20*2) in Y direction.

% beam(coor(:1),coor(:,2),coor(:,3));

%plot in the existent figure with the default color (black), a beam which %include
all the points defined in the coordinate matrix coor.

% See Ffunctions IRSBEAM (for beam with irregular sections)

% PLACETRANS (for transducers positions design)
% INPUTCARTE (for inputs mapping)
% COHERCARTE ( for coherence mapping)

An example of a series of beam function used for a structural design give the following results in the
figure below. Note that for the 1% coordinate of the first beam, inserting [0 26] will gives the same
result.

beam([0 12 4 8 18 26],[12 15],[2 6],3,'magenta’);

beam([0 124 8 18 26],[12 15],[2 6],3,'magenta’);

beam([0 1 2 4 8],[20 22],[2 6],3,’magenta’);

beam([0 11,[0 22],[6 9], 3,’b’);beam([7 8],[0 22],[6 9].3,’b’);
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Help of the function ”irsbeam”
function [Sx,Sy,Sz] = irsbeam(x,y,z,nf,color)
%[Sx,Sy,Sz] = irsbeam(x,y,z,nf,color)
%Beam Generation with irregular section. The vectors X,y,z must be in the same
unit.
% generate a beam on 3 axes with the following dimensions and sections:
% one of the vector (axes) must have 2 numbers which represent the two extrem
positions of the beam.
% the two others vectors must have the same number of points sufficient to
describe the irregularity
% of the irregular section. If the section is in the plane (Xx,y) x0=xfinal, and
yo=yfinal.
% DEFAULT:if one of the vector X,y or z is empty its default values are:[0 (beam
length)/20]
% nf= Ffigure number where the beam is plotted(default=new figure).
% color= color of the face of the beam.
% Sx,Sy,Sz are the 3 components(matrix) of the mesh to be plotted.
%
%Example: irsbeam([-28 1385],[60 -60 -90 90 60],[0 O 112 112 0],10, "magenta*);
%plot a beam on the figure 10, of length in x direction betwen position -28 to
1385 with an irregular section in y and z direction describes by 5 points of
coordinates y(1:5)and z(1:5).
%
%See functions BEAM (for beam with regular sections).PLACETRANS (for tansducers
positions design).

An example of 3 irregular beams (irsbeam) is shown on the figure below associated with the cylinder

function used for the pears of the bridge designed.

- Plot of the Deck and of the carbon beam in grey:

irsbeam([-28 1385],[60 -60 -90 -200 -200 200 200 90 601,[0 0 112 120 150 150 120 112 0],[],[.5 .5
3D

- Left and right supports of the deck in blue:

irsbeam([-28 -38 38 28 -28],[-100 100],[-50 0 0 -50 -50],3,'b"); irsbeam([1339 1329 1395 1385
13391,[-100 100],[-50 0 0 -50 -50],3,'b"); hold on;

- Left and right cylindrical pears:
[x1,y1,z1]=cylinder(28,30); z1=z1*(-450);
z1=z1-50;surf(x1,y1,z1);x2=x1+1357 ;y2=yl ;z2=z1 ;surf(x2,y2,z2);

100

-100

-300
-400

-500
1400
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