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ABSTRACT

Different numericd-experimentd methods have recently been introduced in literature for the
diagnogs of dructurd damages by using location dependent changes in moda parameters (natura
frequencies, damping factors, mode shapes, etc.). The main task is the determination of presence,
location and extent of the damage. This work is concerned with the possibility of introducing, dong
with a manufacturing process, an on-line quality control for structura components prior to assembly
using modal parameters. Based on the naturd variations of different components, the problem of
error measurements in connection with avallable moda data could become more noticeable than the
health monitoring of a particular system. Indeed, the modd data that should be used in diagnosing
routines belong to different systems that are obtained by diverse molding cycles carried out over
various metal sheets. For this reason a deviation of the moda data, with respect to a mean vaue,
should be assessed to appreciate the possbility of introducing an on-line qudity control. Moreover,
experimental work benchmarking the deviation of such moda data in the case we are deding with is
not avalable. In this work a certain number of structurd components are experimentaly tested in
order to appreciate the deviation of the moda data. With this in mind, comparisons among mode
shapes, naturd frequencies and damping factors have been carefully examined and their rdevant
usability is discussed.

1.INTRODUCTION

Recent technologies redise chassis for cars by the assembly of groups, sub-groups and structurd
elementary components. The assembly process is usudly redised by the welding of joints. In such
circumgances the dructura integrity of the whole sysem depends on the integrity of sngle



elementary components in addition to the quaity of welding processes. Therefore, a quality control,
provided dongside the relevant assembly or manufacturing process, is important for the integrity of
the whole system. Figure 1 reports some examples of groups belonging to the technica area dedlt
with in thiswork.

Fig.1 Typicd Groupsin automobile industries

In principle, non-destructive techniques (NDE) provide the opportunity to improve the requested
security level in order to safeguard the whole Structure. However, the particular NDE-technique (X-
ray, ultrasonic, visudl ingpections etc.) that should assist the mentioned quality control has to be
edtablished. If possible, the technique should account for a trade off between costs and its own
ability to test the integrity of the whole components, subgroups and groups.

Recently different procedures, based on the dependency of modal data in the structure state, have
been proposed [1] assessing the health-state of severd civil and mechanica systems. Based on the
characteridtic of these techniques, it is believed they could provide the above-mentioned trade off.
Indeed, severd of the proposed methods make use of modal data, usudly congsting of natura

frequencies, damping ratios and mode shapes related to the system to predict unexpected failures.
The modal data are dependent on the whole State of the system with a different related sengtivity
with respect to the severd local parts condtituting the same system. Loca changes in the monitored
system can, therefore, be revedled by modd data shifts. Moreover, part of these data can, in
principle, be evauated by making use of an arbitrarily low number of sensors. These couple of

characterigtic gives the sense of ‘trade off’ for the proposed gpplication in qudity control of semi-
manufactured products.

However, some drawbacks related to this technique cannot be ignored in order to correctly
diagnose the date of the syssem. Namely, the main problems connected with the technique we are
deding with are essentiadly the number of available data and the error measurements that usualy
contaminate the same data. Indeed, it is not unusud that error measurements are present in such a
way that a diagnods can be transformed into an erroneous, rather than helpful concluson. These
problems have been studied and discussed for laboratory tests and numerica Smulation of severa
structures with good results [2,3]. But, this work dedls with the variations of moda parameters for
various systems that are obtained by different molding cycles carried out over different sheet metas.
For this reason a deviation, with respect to a mean vaue, should be assessed to appreciate the
posshility of introducing an ortline qudity control. Later, measurements of the typicaly extracted
modal data are carried out on Smilar semi-manufactured products, that are natura frequencies,
damping ratio, and mode shapes. The measurements are discussed for each class with respect to
their possible use and stability alongside aquality control process.



2PRESENTATION OF THE PROBLEM

The darting point of this analysis is from a recent search on certain structurd parts of remarkable
importance for the functiondity of a vehicle being the e ements of a structural subgroup to which the
engine group and the steering gear organs are connected. Figure 2 shows a FEM mid-small discreet
representation [4] of a connected red particular. In the recent numerical work [4], the possibility to
gppraise meaningful deviaions of the naturd frequencies for diagnogtic goas was underlined. In this
work, the experimenta results regarding a confirmation of the aforesaid numerica suggestions are
introduced.

Such experimenta confirmation was performed on eight specimens having geometric characterigtic
smilar to the real components. In order to smulate a red supply, the examined components were
obtained by conventiond machine tools. Such dementary components were produced with a
geometry smilar to that brought in figure 2 with the purpose of going aong with the numericad study
aready done[5].

a4

Fig.2 Specimen [4] (dim: m).

After labdling each specimen with a number from 1 to 8, naturd frequencies and the associated
proportional damping and mode shapes were experimentaly evauated in the range 20-800 Hz.

The specimens were suspended by extremely flexible rubber bands in order to smulate completely
free boundary conditions. They were marked beforehand with 26 equally spaced points on the
surface to create a grid of points (Fig.3) over which the rdevant mode shapes were determined. This
spacing of grid points was judged acceptable againgt possible spatid ‘aiasng’ problems with respect
to the rdlevant mode shapes. Based on the naturd experimenta difficulties dl the measurements were
reglised with respect to the zdirection (Fig.3).
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Fig.3 Experimentd grid points for the specimens.



The FRF were evauated in the form of ‘inertance’ [5] by usng an impulgve technique [5,6]. The
impact hammer hit each of the 26 points with an accelerometer fixed, by wax, a point 42. Different
impects were carried out for each excited point to get an averaged FRF. In this respect, four
averages were retained an optima choice to obtain the FRF with sufficient accuracy. All the
measured FRF were then saved on disk and post- processed [ 7] to identify modal parameters.

3. NATURAL FREQUENCIES: MEASURE AND DISCUSSION

Though some uncertainties were met during the identification process, table 1 contains the first 13
confidently identified experimenta frequencies. The ‘xx’ stands for those frequencies thet were not
clearly distinguished in consequence of the measurement errors. The second column lists the mean
vaue for each frequency for the 8 analysed specimens. In the third column, the standard deviation is
liged for dl 8 specimens. It is immediately possble to verify that the values of corresponding
frequencies for dl the specimens are in extremely good agreement, showing a good repestability.

Table 1. Firdt thirteen identified naturd frequencies (Hz)

No specimen
Nofreq. Mean StdDev. 1 2 3 4 5 6 7 8
1 5890 0.10 58.71 58.97 59.08 58.87 58.90 58.92 58.86 58.90

2 %.17 025 96.38 95.90 96.38 96.28 95.96 96.25 95.79 96.43
3 1375 054 1382 1371 1379 1380 136.8 137.2 137.0 137.9
4 1541 065 1545 1544 1534 1549 154.6 1534 1532 1541
5 1792 058 1798 1799 1797 1796 179.0 1785 1785 1789
6 2199 039 2208 2197 2196 2197 2197 2198 2200 2198
7 2605 082 260.2 260.1 261.6 260.9 2502 261.6 260.1 2604
8 3193 156 3214 319.9 320.2 320.6 317.6 317.3 3195 317.6
9 327 173 XX 353.0 352.6 354.8 3513 350.0 352.2 354.7
10 4720 203 4743 474.1 4711 4713 4684 XX 472.2 472.8
1 4956 122 4954 4940 497.9 49%.4 495.9 495.3 494.3 495.7
12 5015 102 499.9 501.9 502.6 500.8 501.6 XX 502.8 501.2
13 5310 160 520.2 533.5 5332 530.5 520.8 520.7 5314 530.9
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Fig.4 Percentage changes (|%) of each frequency with respect to the mean value.



However, as previoudy suggested [2,3], in different circumstances, importance should be given to
percentage changes of natura frequencies rather than to redevant absolute changes. The main reason
for this choice is related to the fact that absolute changes naturdly increase from low to the high
frequencies [2]; dissmilarly, the percentage changes can then assist for weighting the absolute
changes giving an approximately congtant band. In such a way, differences could better be
gopreciated. To this end figure 4 ligts the absolute percentage changes (|%]) of each frequency with
respect to the relevant mean value. The base of the graph reported in figure 4 was settled to 0.5% to
show the error band that was experimentdly obtained on different components and for each
frequencies. However, it is believed that such repeatability can be deteriorated with assembled
groups or subgroups where joints can introduce additiona uncertainties other than spreading the
relevant moda datato alarger band.

The repeatability makes sense for these modal data to be used as possible candidates in quality
control processes.

Findly, it isworthy to mention that these results (table 1) were obtained by approaching the problem
with a globa point of view. Namely, the naturd frequencies were obtained, once the full set of 26
FRFs was avalable. A full set of FRF is an expensve requirement and is needed only when it is
planned to evauate the mode shapes, as it was in this case. Conversdly, the natura frequencies can
be assessed in principle by making use of a couple of measuring points. This reduces the codts (time,
hardware needed) and makes the use of this moda data more atractive. To this end a few trids
were carried out, herein not reported for the sake of brevity, and no appreciable differences were
obtained with respect to their stability as synthesised in both table 1 and figure 4.

4. DAMPING: MEASURE AND DISCUSSION

During the identification process natural frequencies can be evauated together with the associated
proportiona damping for each mode. Experimentdly it is quite well known that the sability of these
parameters is worse than the stability usudly found for naturd frequencies. In this respect other
researchers reported large band errors [8]. Neverthdess, dl the redevant damping ratios were
estimated and tabled in the same as was done for naturd frequencies. However, the deviations,
absolute and percentage errors were definitely poor with respect to the relevant mean values to
extract useful and immediate conclusions for their using in diagnosing routines. Indeed, it was not
unusud to achieve a 60% error with respect to a mean vaue.

5.MODE SHAPES: MEASURE AND DISCUSSI ON

Findly, in order to complete the investigetion on the possible moda data that could be used for
diagnosing routines, mode shapes of the specimens were dso evaduated. It should, however, be
accounted that the first drawback for measuring mode shapes is the cost that could heavily influence
the relevant cost of the final product. For example, this work concerns 26x8=208 FRFs. Each one
of which is the result of an average of four sngle measured FRFsfor atota of 832 impulses carried
out by hand by a human operator. Evidently, the measuring process can be improved making it safe



for human beings, by an opportune automated mechanicd device. However, a longer time is il
needed for the measuring process. Moreover, manipulating such mode shapes is not an immediate
task. Indeed, many data means more complications, more sophisticated software and/or more
professional operators.

In figure 5 the first 2 mode shapes are shown that are associated with the firgt 2 frequencies for one
specimen.




Fig.6 Comparing first 12 mode shapes by MAC [9,5,6] fixing each specimen 1, 4,5, and 7.

Figure 6 reports the relevant graphs displaying the MAC matrix [9,5,6] evauated with respect to
four different specimens. All these comparisons concern an experimental analyss (say 1) for the
mode shapes concerned with J" specimen (modipb-J-an-1.dat). This vaidation tool constitutes a
vaidating parameter for evauating the qudity of the estimated moda vectors. Other tools can be
found in reference [6]. Asiswel known, each MAC vadue give a correation measure of the relevant
couple of compared vectors, giving 1 for same nmodes and a vaue close to O for different modes. If,
however, figure 6 estimates fairly good confidence for the quaity of measured modd vectors, figure
7 compares each set of mode shapes obtained for the specimens 1,4,5,7 with relevant ones of
specimen number 2. These figures make evident tha information concerned with the amilarity of
different specimens is present, but was not immediately detectable mainly for the number of deta to
ded with. Moreover, different moda vectors for different specimens showed low corrdation spite,
by careful view examinations, gppreciable differences were not immediately clear.

Fig.7 Comparing first 12 mode shapes by MAC [9,5,6] of specimens 2 with respect to specimens 1,
4,5 and 7.



6.CONCLUSIONS

In this work an experimenta study on the possibility of redlisng the diagnoss of structurd damages
for structural components was accomplished. This sudy consdered the location-dependence in the
modal parameters for structurd changes as possible tools to detect smilar or dissmilar components.
A high number of naturd frequencies were measured with good repeatability. In this respect an

absolute percentage error of approximately 0.5% was detected making it a possibility to use natura
frequencies for the pursued objective. Indeed, the detected relative band error is farly contained

with respect to damages occurring in structura parts [4]. However, in spite of detecting such a
reldive deviation from a mean vdue, generdisng is not beieved possble when more complex

systems are accounted for. Therefore, an initia test, assessing the relevant deviation, could become a
standard pass for the proposed quality control procedure. In conclusion, the stability obtained in the
case of a smple procedure deding with naturd frequencies is encouraging for practical gpplication.
Asfar asthe experimentd stability is concerned, the results obtained in the naturd frequencies cannot
be extended to the damping ratios. The mode shapes showed a particular sengtivity, not immediately
clear, anong4 dl the specimens andysed other than the complexity concerned in their using.
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