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ABSTRACT

The in-situ evaluation of the tensile load in calded tie-rods plays a primary role in
the continuous monitoring and health assessmerdtrategic as well as historic
structures. The main advantage of the indirectrdetation of cable forces from
dynamic tests in operational conditions is the oppoty to achieve accurate, cheap
and fast quality checks in the construction phafter(pre-stressing), and safety checks
and structural maintenance over the structurepias

Based on the most recent developments in the dlmperational modal analysis, an
automated system for continuous monitoring of axdi@ds based on dynamic
measurements has been developed. The system sarfsastdistributed measurement
system based on programmable hardware and wirgledsiles, and of a centralized
data processing server for the estimation of tinsilee loads in the monitored cable
from records of its dynamic response to ambientratibns. The experimental
identification of the flexural modes in terms otunal frequencies and mode shapes is
used to solve an inverse problem for the identificaof the axial loads. A prototype
of the SHM system has been installed to monitotéhsile load in one of the cables of
a sample steel arch. Preliminary experimental tedubm continuous monitoring of
the cable are discussed pointing out the effeenefronmental factors.

KEYWORDS : Automated operational modal analysis, tensile |aables.

1 INTRODUCTION

The in-situ assessment of the tensile load istef@st for cable-stayed bridges or large steelesch
as well as for ancient masonry vaults and arches.iifverse problem associated to the evaluation
of the tensile axial force from vibration measuraisehas been investigated in several studies
because of its promising applicative perspectivehi@ context of non-destructive testing and
Structural Health Monitoring (SHM). The main adwage of the indirect determination of cable
forces from dynamic tests in operational conditignselated to the opportunity to achieve accurate,
cheap and fast quality checks in the constructluasp (after pre-stressing), and safety checks and
structural maintenance over the structure lifegpan

An extensive literature review pointed out that @veilable vibration based methods for the
estimation of tensile loads in cables and tie-nasisally take advantage of the known input applied
by an impact hammer [2, 3, 4] and eventually of theults of a numerical model [5]. The
application of a known input by an impact hammetheoretically more relevant in the case of tie-
rods and relatively small tensile loads, since ithéuced amplitude of vibration requires high
performance sensors but the dimensions of the sesbich determine their sensitivity) must be
kept as small as possible to minimize the effedhefmass of the sensors on the dynamic behavior
of the member. Since the reduction of the dimersstgpically negatively affect the performance of
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the sensor, a trade-off between performance anghtveias to be pursued when output-only modal
identification techniques are applied to estimh&tensile load in tie-rods.

Methods able to take into account the effect ofrtfeess of the sensors and the uncertain
boundary conditions in the estimation of the tensilad have been recently developed (see, for
instance, [6]), thus making the continuous monitgprof tensile loads in tie-rods based on vibration
measurements more attractive. On the other hardintiteasing availability of high performance
accelerometers and the fast development of outplyt-onodal identification techniques have
revealed Operational Modal Analysis (OMA) as a pable alternative for vibration based
monitoring of tensile loads [7]. The increasingesufing of reliable and robust automated OMA
procedures [8, 9, 10], able to provide accurateahpdrameter estimates, fosters the development
of vibration based systems for tensile load esfonaand monitoring.

In the present paper, the development of a vilbmab@sed monitoring system for continuous
tensile load estimation is illustrated. Some experntal results obtained after the installationhef t
monitoring system on one of the cables of a sarsiglel arch are also presented, and the influence
of environmental factors is discussed.

2  THE VIBRATION BASED MONITORING SYSTEM

A vibration based SHM system for continuous momiigrof tensile loads has been recently

developed. It consists of a distributed measureragstem based on programmable hardware and
wireless modules, and in a centralized data prougsystem for the estimation of the tensile loads
in the monitored elements starting from recordsheir dynamic response to ambient vibrations.

The architecture of the system is depicted in Eglir A prototype of the SHM system has been

installed to monitor the tensile load in one of tiables of a sample steel arch (Figure 2).

Figure 1: Architecture of the axial force monitarisystem

Four piezoelectric accelerometers are installedhencable. They are wired to a wireless
data acquisition module from National Instrument$he distributed data acquisition modules (at
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least one module for each monitored element) aneaged by a software developed in LabView
environment. The collected raw data are stored antocal MySQL database. Each monitored
element has an individual table of its own in tladathase for data storage. When the number of
monitored elements is very large, the data acquisttisk can be fragmented among a humber of
local servers.

Figure 2: The monitored cable

A central server collects time histories of the ayic response of given duration and
carries out the automated identification of the alopgarameters. The algorithm for automated
output-only modal identification [10] is based dr tcombination of different OMA techniques in
order to make easier the analysis and interpretatiche stabilization diagram.

The modal parameter estimation is carried out bplyapg the Stochastic Subspace
Identification (SSI) method [11, 12] to the soummrelations obtained from the Second Order
Blind Identification (SOBI) [13, 14] procedure rétsng in a relevant simplification in the
identification of the physical poles. In fact, th@relation of the sources can be interpretedfesea
decay response of the equivalent Single Degreeré&dem (SDOF) system corresponding to a
mode, and they can be analyzed by covariance-drivedal identification algorithms. The
preliminary, approximate separation of the modaitgbution simplifies the analysis of the data
and the interpretation of the stabilization diagréecause the modal information is extracted from
univariate time series, which theoretically includdormation about one mode at the time
(however, in the practice, noise or minor contritws from other modes can be present).

The physical poles are separated from the spupoles by means of clustering techniques
[15] and mode validation criteria. The final valugfsthe natural frequency and damping ratio for
the identified modes are obtained by a sensitiatglysis with respect to the number of block rows
i in SSI, for a given value of the maximum modelesrth the stabilization diagram. The cluster
characterized by the minimum variance of the egémavhen ranges in a certain interval with a
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certain step i is then selected as the one providing the beshatst of the modal parameters for a
given structural mode [16]. Mode shape estimates farally obtained from Singular Value
Decomposition (SVD) of the output Power Spectrainéy (PSD) matrix at the previously
estimated frequency of the mode [17].

The key feature of the algorithm is the lack of amalysis parameter to be tuned at each
new monitoring application. Its performance in terof accuracy and reliability of estimates has
been investigated through extensive tests basaiharated data and real measurements [10]. The
analysis of the obtained results pointed out thatadlgorithm carries out automated output-only
modal identification in a very robust way. In faatsuccess rate larger than 99% has been obtained.

Very accurate natural frequency and damping rasbmates have been obtained for
different values of the signal-to-noise ratio. Mmrer, based on an appropriate selection of sensor
locations, it has been proved that the automatedhindentification algorithm is able to accurately
identify the modal parameters of the structure undeestigation even in the case of a few
measurement points. The identified dynamic properire used to estimate the tensile load. For the
herein discussed application, the tensile loadaduated according to the following equation:

n [N
"o n=12... (2)
assuming that the influence of the bending stinEs and the end constraints is negligible with
respect to the tensile load; it the natural frequency of the n-th mode &nts length. Sets of
experimental results obtained after the instalfatbthe monitoring system on one of the cables of
a sample steel arch are illustrated in the nextisecEstimates of the tensile load close to the
design value in operational conditions have bedaiodd.

f

3  MONITORING RESULTS AND ENVIRONMENTAL EFFECTS

Preliminary monitoring results obtained right aftéye installation of the previously described
monitoring system on one of the cables of a sarsf@el arch are illustrated in this section. In
particular, the analyzed data have been colleatethé period from December™2 2013 to
December 1%, 2013 (approximately ten days of continuous maitity).

The position of the four sensors installed onrttomitored cable has been defined according
to the results of an output-only modal identifioatitest carried out a few weeks before the
installation of the monitoring system. Ten senseese used in that case to estimate the mode
shapes with a good spatial resolution (Figure Bajong the ten positions adopted for the dynamic
identification test, four of them have been seléas sensor locations for permanent monitoring of
the cable. In particular, the positions of the feansors have been selected in a way able to ensure
the possibility to distinguish the mode shapeshef fundamental modes. This objective has been
accomplished by installing the sensors at positéf)s#5, #7 and #9, as pointed out by the fact that
the corresponding AutoMAC matrix for the first threnodes is characterized by negligible off-
diagonal terms (Figure 3b). This condition, togetiwéh the presence of four modes only in the
investigated frequency range (from DC to 10 Hzguweas that the contributions of the first three
modes are well separated [14].

Figure 4 shows the trend of the natural frequerstymates for the fundamental mode; the
same trend characterizes also the higher modegthass in the order of about 3% with respect to
the average value (2.55 Hz) of the natural frequeran be observed. The monitoring results in
terms of tensile load estimates are shown in Figurén agreement with Equation (1), a trend
similar to that of the natural frequency charaeesithe axial load. Figure 4 also clearly shows tha
the swing of the estimates systematically recues thve different days, with a sudden drop at about
eleven o’clock in the morning and a gradual incegasthe late afternoon until the maximum value
reached during the night. Thus, the variationshef natural frequency estimates can definitely be
addressed to environmental factors and, in padictd thermal effects.
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mode #1 - f=2.48 Hz

mode #2 - f=4.92 Hz

mode #3 - f=7.38 Hz

(b)

Figure 3: Sensor layout for the OMA test (a) andoMIAC matrix using only sensors #3, #5, #7 and#9 (

Figure 4: Variations of the natural frequency af fist mode over time (from Decembéf, 2013 to
December 1%, 2013)
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Figure 5: Tensile load in the cable and local terapee T (from December'® 2013 to December 122013)

Figure 6: Variation of the natural frequency of flist mode against temperature
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(a) (b)

(c) (d)

() (f)

Figure 7: Time evolution of damping ratio and dangpvs. frequency plot for mode | (a, b), 1l (c, d),(e, f)

Comparing the load estimates with the values ofpature in the area recorded by the
local meteorological station (sourggww.meteomolise.)t slight increases in the tensile load when
the temperature decreases can be observed, andevgze (Figure 5). The remarkable influence of
temperature on the estimates has been checked diiingl the estimates against the local
temperature. Figure 6 shows that there is a bagiiatar relationship between natural frequency
estimates and temperature over the observed pefriaue.

The monitoring results in terms of damping ratitineates are shown in Figure 7a, Figure
7c and Figure 7e. In this case it is not possibleliserve a clear influence of the temperature.
Moreover, the damping estimates are more scattéed the natural frequency estimates. Apart
from the inherent variability of damping estimatt®ir variation can be probably associated to the
amplitude of vibration rather than to the tempengthowever, further investigations are in progress
on this aspect. Nevertheless, it is important tie ribat only a few outliers can be observed among
the modal parameter estimates (Figure 7b, Figurd=igdire 7f), thus confirming the effectiveness
and reliability of the automated OMA algorithm.

For a more detailed characterization of the eftéanvironmental and operational factors,
the monitoring system has been recently complerdamyeemperature sensors, and rms values of
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accelerations are being stored in the databas¢htrgeith the modal parameters and the tensile
load estimates.

Nevertheless, the herein illustrated preliminarguits are definitely encouraging. They
remark the effectiveness of the system, and a dstalwf modal properties, tensile loads,
temperature and vibration amplitude is going to dmpulated. A long-term validation of the
performance of the system is also in progress.

4  CONCLUSIONS

A system for continuous monitoring of tensile lodds been presented. It takes advantage of an
effective algorithm for automated output-only mogarameter identification, and its distributed
architecture for data acquisition makes the sydtdijnscalable, so that it can be applied to manito

a large number of elements at the same time. Eagng results have been obtained from its
implementation in a real application, pointing ¢l influence of environmental and operational
factors and the need to complement the systemteuitiperature sensors.
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