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INFLUENCE OF CABLE LENGTH ON THE VIBRATING WIRE
SENSORS DYNAMIC MEASUREMENTS

G.CIEPLOK!, W. KARWOWSKI?, L.. BEDNARSKI?

The hereby paper discusses the influence of cable length on the SHM systems with the use of vibrating wire
dynamic measurements. Vibrating wire sensors are mainly used for measuring stable or slowly changing strains,
e.g. system installed on Re¢dzinski Bridge in Wroclaw. From some time applications of these sensors for measuring
dynamic deformations are becoming popular. Such tests were conducted on STS Fryderyk Chopin. New solutions
generate new problems. In this case: the operational stability of systems exciting wire vibrations. The structure of
such sensors and the electric cables length has an essential influence on their operations, what is undertaken in the
paper. The subject of investigations constitutes the measuring system based on self-exciting impulse exciter, for
which impedance parameters of electric cables and of the vibrating wire sensor were the most essential. The
mathematical model of the system, experimental verification of the model as well as the results of theoretical

analyses at the application of electric cables of various lengths are presented in the paper.

Keywords: vibrating wire sensors, structural health monitoring, tall ship mast, bridge, transient states, cable

connections, self-oscillation
1. INTRODUCTION

The hereby paper discusses the influence of cable length on the Structural Health Monitoring systems

with the use of vibrating wire dynamic measurements. Vibrating wire sensors found applications in
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measuring and monitoring of engineering structures like: bridges [15][16], dams, tunnels [10],
stadiums [10] etc. The vibrating wire measurement technology became an important branch of the
metrology applied in measurements of elements displacements versus each other, strains, changes of
crack width, changes in pressure angles of building objects, foundation settlements, ground pressure
on structure elements, etc.

They owe their popularity to simple construction, full resistance to environmental conditions and very
long time stability, according to research of the Norwegian Geotechnical Institute, over 30 years [2].

The principle of operation of this system is presented in Fig.1.
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Fig. 1. Principle of operation of the strain transducer: 1 — wire, 2,7 — catches, 3 — electromagnet, 4 — switch,

5 — pulser, 6 — analyser, 8 — base.

The basic element of the sensor is the wire excited for vibrations by means of a coil. A change in the
measured value, e.g. strain, displacement or water pressure, causes a change in the wire tension, which
changes its natural frequencies. The vibrating wire induces in the coil a variable voltage at a frequency
equal to the natural frequency of the string, which is recorded by the measuring electronics. Because
the information about the measured value is transmitted by voltage changes (frequency), wire sensors
can work with cables with lengths up to 12 km [2], which allows sensors to be placed anywhere in the
structure, often in a hardly accessible areas and to be connected to electronic devices placed in an
easily accessible service areas.

The standard time of single measurement with a vibrating wire sensors is approx. 1 second. Such a
long measurement time is not a limitation in the measuring systems dedicated to longterm structural
health monitoring. An example of such a system is the system installed on the Rgdzinski Bridge across
the Odra River in Wroctaw [1] [3], the sketch plan of which is shown in Figure 2. There are 96
vibrating wire sensors for displacements, strains and angular deflections measurements.

Redzinski Bridge is 122 m high (pylon) and 612 m long bridge object - it is the bigest concrete
(prestressed concrete) bridge in Poland. The possiblity of using sensors with any lenght cables allowed

to decoupled sensors location and data aquisition equipement location. Sensors could be installed in
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any place on the bridge (top of the pylon, pylon foundation, both ends of the bridge deck etc.) and
data aquisition computers could be installed in locations, whiach are easy avialble for service. All

vibrating wire sensors work as longterm monitoring sensors with measuremetn period of 15 minutes.

1 22 20 Schemat systemu monitoringu
al7 konstrukcji mostu
E Skala 1:500

1. Oznaczenia:

AxB: A -iloé¢ czujnikéw w danym punkcie pomiarowym
B - iloé¢ punktdw pomiarowych
{1 -F - czujnik do pomiaru sity w ciggnach (80 szt.)
[} - Tt- czujnik do pomiaru przemieszczer katowych (10 szt.)
= = Tr - czujnik do pomiaru przemieszcze liniowych (4 szt.)
=1 - W - czujnik do pomiaru kierunku | predkoéci wiatru (2 szt.)
[| - Te - czujnik do pomiaru temperatury konstrukcji (16 szt.)
- Sc- czujnik do pomiary na betonu (16 szt.)
o - czujnik do pomiaru przyspieszef (30 szt.)
§. - CGD - Centrum Gromadzenia Danych ( 1szt.)
[] - EN - przylacze energetyczne (1 szt.)
w1 = Sel - czujnik do pomiaru odksztalcen wewnatrz betonu (24 szt.)
4 = 862 - czujnik do pomlaru naprezen w betonle (8 szt.)
- 8i - czujnik do pomiaru odksztalcer na powlerzchi stall (18 szt.)
11 - 81 - czujnik do pomiaru odksztaloen pretéw zbrojeniowych (16 szt.)
- SAD - lokalne Stacje Akwizycjl Danych (5 szt.)
2. Pominigto na schemacie skrzynki zigczy.
3 oznaczja. -pradov
| réznicowo-pradowe.

Fig. 2. Sketch plan of the Structural Health Monitoring system on Redzinski Bridge and example of vibrating wire

strain gauges in pylon foundation [1] [3]

The needs of designers, contractors and object operators show that low frequency measurements
(static ones) are not enough. When loads are dynamic (vehicles, wind), it becomes necessary to
conduct measurements, where sensors allow to obtain a response with variability of the measured

values at least 100 times per second.

The development of measuring technologies allows for using of vibrating wire sensors for such fast-
changing measurements [8][9]. The change concerns the data acquisition and measurements
enforcing devices, not the sensors themselves. This means that already installed systems can be easily
supplemented with a completely new character of data recording. The measured strains (stresses)
histogram made on the basis of high frequency measurements data is the basis for fatigue analysis.
Such analysis is necessary to assess the durability of heavily used structures exposed to dynamic loads,
eg bridges [11] [14] [16].
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An interesting example of the application of vibrating wire sensors for dynamic measurements is the
structural monitoring of the steel mast of the sailing tall ship Fryderyk Chopin during the selected sea
maneuvers. As part of this research, two series of dynamic measurement tests were carried out with
Geokon Model 4000 vibrating wire sensors, a CDM-VW305 Campbell Scientific device supported
by DVWTool v. 1.2 software. The foremast was chosen for tests. Foremast was treated as a multispan
beam with stays on several levels and fixed bottom end, whisch is loaded with unknown horizontal
concentrated forces applied at the yard heigth. During the first series of measurements [13] sensors
were located - mainly due to easy access - just above the ship deck. At the second series [12] the
location of the sensors was above the first and second mast platform. The meserment frequency was
20 Hz.

Fig. 3. STS Fryderyk Chopin side view with location of sensors in the first (circle) and the second

(triangles) measurements series. Installation of vibrating wire strain gauges [12] [13].

Because of the temporary nature of the installation and its pilot nature, at the ship owner's request,
the sensors were mounted only with epoxy glue. In the first case directly on the preppared steel surface
of the mast. In the second case on the existing protective coating of the structure. In the first case
sensors were installed just above the deck level and were exposed to very difficult environmental
conditions (high salinity, high humidity or work in direct contact with water - sea waves crashing on
the deck). Vibrating wire sensors fulfilled their function - because of their sealed casing they did not

require additional protection.
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The sensors were mounted in each of the cross-sections at four points (3 + 1 for controll)
symmetrically distributed around the perimeter, creating a measuring plane with an initial position
(level) related to the plane of the deck. The aim of the task was to record changes in the slope of the
measured planes during the execution of various sea maneuvers. Measurements carried out in several
cross-sections of the mast give a very clear picture of its work. This time task was limited to the
abovementioned parameter, but in the future this type of data will allow to prepare a histogram of
stress amplitudes which in neccery for fatigue analysis. In 2010 Fryderyk Chopin lost both masts

during the cruise through Atlantic Ocean. One of the reasons for the failure could be material fatigue.
Wychylenie Masztu- Poziom 1 Wychylenie Masztu- Poziom 1 Wychylenie Masztu- Pozom 1

Fig. 4. Example frames from frame-based animation obtained from data processing for the lower cross-

section in the second series of measurements [12]

Wychylenie Masztu - Poziom 2
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Fig. 5. Example of measured strains for 20 second period and the slope of measured plane in selected

moment of measuring [12]

Two new domestic solutions of vibrating wire sensors, which are undertaking the task of meeting the
requirements of building engineering are shown in [4][5][6]. Both solutions utilise self-exciting
vibrations, the first one is based on the van der Pol generator, while the second one on the impulse
exciter. Both solutions passed positively laboratory tests. Due to the application of typical and
generally available in the market vibrating wire sensors in the impulse exciter, this solution became

more practical one and holding promise for industrial implementations.
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The exciter subjected to step and impulse loads operated properly, was not loosing the synchronism
and periods, as well as allowed to determine the instantaneous state of the wire elongation and the
sensor base strain on the basis of the wire vibrations frequency.

The situation changes when the length of electric cables is increasing to a few hundred meters. At that
time the exciter looses the rhythm being in agreement with the wire motion and looses the

synchronism.

2. FORMULATING THE MODEL OF THE VIBRATING WIRE SENSOR WITH

ELECTRIC CABLES

It was found, on the basis of preliminary measurements of the electric cables parameters that the most
subjected to changes — on account of the length — are: longitudinal resistance and transverse capacity
of cables. On account of that the two-port resistance-capacity network of T type was assumed as the
model of electric cables. The scheme of the system in which sensor coils, cables, the source of the
drive coil supply and equivalent parameters of the wire are exposed, is presented in Fig.6. The
meaning of the equivalent mass and the remaining equivalent parameters of the vibrating wire are
described in detail in paper [4].

Dynamic equations of the system motion were determined on the basis of the mentioned above

scheme. As the generalised coordinates were assumed: current i of coil Ly, current i5; of coil Ly,
voltage .~ on condenser C, voltage u, on condenser C, and the position coordinate x of the

vibrating wire equivalent mass m.

Fig. 6. Equivalent scheme of the vibrating wire sensor with electric cables

di . 0Lydx di dx .
(€8] Ll(x)ﬁ"'llla_;g"'MlZf_aE"—(Rpll + Ry)ij  +uc =0
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Parameters of the system were determined by direct measurements and also on the waveforms of

naural wire vibrations and listed in Table 1.

Table 1. Parameters of the equivalent model for the electric cable 500 m long.

Parameter | Ly | Ly | Mjy | € & R Ry 1R | Bz | B
Value 4.63 | 463|037 | 1049 | 588 93.4 93.1 27.1 27.1 27.1
Unit mH | mH | mH nF nF Q Q Q Q Q
aL
Parameter Rd RO E ya 1.2 m b k a szz
Jx
Value 30351985 | 2 800 | -0.166 | 1.85.10 > | 9.5-10 ° | 558.3 | 0.0526 | 27.1
Unit Q kQ v Hz H/m kg Ns/m N/m | Vs/m Q
a) b)
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Fig. 7. Waveforms: a) obtained on the basis of the model, b) recorded by means of the oscilloscope

Figure 7 presents the voltage waveforms of the input U and output Ugre of the system obtained on

the basis of derived equations and registered with an oscilloscope on the test stand. As can be seen,
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the results are in good agreement with each other and due to that, the formulated model became the

base for further analyses.

3. INFLUENCE THE LENGTH OF ELECTRIC CABLES ON THE WORK OF THE

IMPULSE EXCITER

The proper operation of the system under the field conditions depends on several factors. These are,
first of all: length of electric cables, interactions between the drive coil and pickup coil circuits and
electrical disturbances. In order to determine the influence of the cables length on the exciter operation
equations (1)+(6) were applied. Substituting in them the autonomic source E = Eysign(wt) by the
controlled source E = Eysign(Ugq) the model of the ideal inertialess exciter was obtained.

The results of 5 simulations for 5 different length of cables: 500m, 1km, 2km, 4km and 6km are

presented in Fig.8.

v (m/s)

1.194 1.195 1.196 1.197 1.198 1.199 12

t (s)

Fig. 8. Waveforms of the velocity of the wire middle point (reduced mass) for various lengths of cables.

As can be noticed, for the first four distances the system was self-exciting and obtaining vibrations of
the frequency of 874.8Hz corresponding precisely to the wire natural vibrations. In case of the first
two distances the compatibility of the amplitude of the velocity of wire vibrations with the theoretical

equation (6) derived in paper [5] was obtained. ( i} | marks the steady-state of the current i} ; in the

semi-period, after switching on the power supply).

2
i110 0L1

(6) v= mh Ox
The visible decrease of the amplitude of the wire vibrations was caused - first of all - by the decrease

of the current value exciting the drive coil on account of the increase of the resistivity of electric
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cables. The phase shift of the current and wire waveforms had also meaning, the larger the longer

cables.

4. EXPERIMENTAL LABORATORY TESTS

In order to verify the system properties resulting from theoretical analyses the experimental tests were
performed. In these tests were applied: the impulse exciter described in paper [5], vibrating wire sensor
of the Geokon Company and electric cables BITsensor PE-PVC, Fig.9. The system behaviour was
tested for various length of electric cables, especially for: 1.5m, 20m, 40m, 100m, 160m and 500m.

The oscilloscope screen during the wire vibrations recording at the application of cables 160m long,
are presented in Fig.10. Waveforms of the input voltage (from the pickup coil) and input voltage after
filtration by means of the internal low-pass filter are seen there. All features of theoretical waveforms
are shown in oscillographs, starting from the high value of the over-voltage impulse, low value of the
voltage induced by the wire movement, up to several kHz voltage oscillations caused by power source
switching. Investigations also confirmed the possibility of practical application of the exciter with

electric cables of a length up to 500 m (tests were not performed for longer cables).

F B -4.300

3PN 268mY Time

Fig. 9. The research set-up. Fig. 10. Waveform of the input voltage (Up )

before (yellow colour) and after filtration by
the low-pass filter (turquoise colour),

1=160m.

5. CONCLUSIONS

The analysis of cooperation of the vibrating wire sensor with the impulse exciter performed in the

hereby paper indicate that the dynamic states of the circuit sensor-electric cables are the most
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important for the proper operations of the system. The maximal length of these cables, for which self-

excited vibrations will be kept, depends on parameters of electric cables. The theoretical analysis of

the ideal case indicates that when typical components, available in the market, are used the operation

of the system with electric cables 3+4 km long, is possible.

Laboratory tests carried out for cables of various length confirmed the main conclusions obtained

from theoretical analyses.

The next step is a field test with comparison of results to results obtained with adequate equpement

already available on the market. Tests are planned on a bridge objects. As a final result the cheap

modification of existing, already installed, SHM system is possible.

16.
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Fig. 1. Principle of operation of the strain transducer: 1 — wire, 2,7 — catches, 3 — electromagnet, 4 — switch,
5 — pulser, 6 — analyser, 8 — base.

Rys. 1. Zasada dziatania przetwornika strunowego. 1 — struna, 2,7 — zaciski mocujace, 3 — elektromagnes, 4 —
przetacznik, 5 — impulsator, 6 — analizator, 8 — obudowa.

Fig. 2. Sketch plan of the Structural Health Monitoring system on Redzinski Bridge and example of
vibrating wire strain gauges in pylon foundation.

Rys. 2. Schemat systemu monitoringu technicznego na Moscie Rg¢dzinskim oraz przyktad czujnika
odksztatcen umieszczonego w podstawie pylonu.

Fig. 3. STS Fryderyk Chopin side view with location of sensors in the first (circle) and the second (triangles)
measurements series. Installation of vibrating wire strain gauges.

Rys. 3. Rysunek z widokiem z boku zaglowca Fryderyk Chopin z lokalizacja czujnikow pierwszej (koto) i
drugiej (trojkaty) serii pomiarow. Instalacja czujnikoéw strunowych.

Fig. 4. Example frames from frame-based animation obtained from data processing for the lower cross-
section in the second series of measurements.

Rys. 4. Przyktad klatek z poklatkowej animacji otrzymanej w procesie obrobki danych otrzymanych dla
nizszego przekroju w drugiej serii pomiarow.

Fig. 5. Example of measured strains for 20 second period and the slope of measured plane in selected
moment of measuring.

Rys. 5. Przyktad pomierzonych przemieszczen dla 20-sekundowego okresu czasu oraz pochylenie
plaszczyzny w jednym z mierzonych momentow.

Fig. 6. Equivalent scheme of the vibrating wire sensor with electric cables.

Rys. 6. Schemat zastgpczy czujnika strunowego z przewodami potaczeniowymi.

Fig. 7. Waveforms: a) obtained on the basis of the model, b) recorded by means of the oscilloscope.

Rys. 7. Przebiegi: a) uzyskane na podstawie modelu, b) zarejestrowane oscyloskopem.

Fig. 8. Waveforms of the velocity of the wire middle point (reduced mass) for various lengths of cables.
Rys. 8. Przebiegi predkosci srodka struny dla roznych dtugosci przewoddéw potaczeniowych.

Fig. 9. The research set-up.

Rys. 9. Stanowisko badawcze.

Fig. 10. Waveform of the input voltage (URO) before (yellow colour) and after filtration by the low-pass filter

(turquoise colour), =160 m.

Rys. 10. Przebieg napigcia wejsciowego (URO) przed i po filtacji wewnetrznym filtrem dolnoprzepustowym.

1=160 m.

Table 1. Parameters of the equivalent model for the electric cable 500 m long.

Tabela 1. Parametry modelu zastepczego uktadu dla przewodu potaczeniowego o dhugosci 500 m.
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WPLYW DLUGOSCI KABLI NA DYNAMICZNE POMIARY CZUJNIKAMI STRUNOWYMI

Stowa kluczowe: czujniki strunowe, monitoring techniczny, maszt zaglowca, most, stany przejsciowe, potaczenia kablowe,

drgania samowzbudne

STRESZCZENIE:

Artykul porusza temat wpltywu dlugosci kabli na mozliwos¢ budowy systemoéw monitorowania konstrukcji z
wykorzystaniem dynamicznych pomiaréw strunowych. Rozwazania przeprowadzono na przyktadzie polskiego
urzadzenia pomiarowego przeznaczonego do dynamicznych pomiaréw strunowych. Czujniki strunowe sa szeroko
stosowanym narzedziem w pomiarach i monitorowaniu konstrukcji. Znalazty zastosowanie w kontroli stanu technicznego
mostow, tam, tuneli, stadionow. Swoja popularno$¢ zawdzigczaja prostej budowie, pelnej odpornosci na warunki
srodowiskowe oraz bardzo dugiej stabilnosci czasowej wynoszacej, wg badan Norweskiego Instytutu Geotechnicznego,
ponad 30 lat. Poniewaz informacja o mierzonej wielkosci jest przenoszona przez zmiany napigcia (czgstotliwo$c) to
czujniki strunowe moga pracowa¢ z kablami o dhugosciach dochodzacych do 12 km, co pozwala na umieszczanie
czujnikéw w dowolnych miejscach konstrukeji, czgsto niedostgpnych i podiaczanie ich do urzadzen elektronicznych
znajdujacych si¢ w fatwo dostgpnym do serwisowania miejscu.

Jako przyktad systemu monitorowania wykorzystujacego statyczne pomiary strunowe, a wymagajacego stosowanie
czujnikow z bardzo diugimi kablami, wskazano system monitorowania mostu Redzifiskiego przez rzekg Odrg we
Wroctawiu. Mozliwo$¢ stosowania czujnikow z dowolnie dtugimi kablami pozwolita na wbudowywanie czujnikéw
bezposrednio w konstrukcje mostu (czes$¢ czujnikow znajduje si¢ wewnatrz podstawy pylonu) i doprowadzanie sygnatu
pomiarowego w miejsce dostgpne dla obstugi mostu, gdzie umieszczona zostata elektronika pomiarowa. Na obiekcie
zainstalowano 96 czujnikéw strunowych. Przykladem systemu monitorowania wykorzystujacego dynamiczne pomiary
strunowe jest system pomiaru odksztalcen masztu zaglowca Fryderyk Chopin.

W celu okreslenia ograniczen jakie wprowadzaja kable taczace czujniki z rejestratorem danych wyznaczono dynamiczne
réwnania ruchu opisujace elektronike pomiarowa wraz z czujnikiem i dtugimi przewodami potaczeniowymi. Przyjeto 6
stopni swobody modelu. Przeprowadzono identyfikacj¢ parametréw modelu oraz wykonano symulacje cyfrowe.
Otrzymane wyniki poréwnano z bezposrednimi pomiarami urzadzenia wykonanymi na stanowisku laboratoryjnym.

W celu sprawdzenia wlasnosci ukladu pomiarowego wynikajacych z analiz teoretycznych przeprowadzono badania
eksperymentalne. W eksperymentach wykorzystano wzbudnik impulsowy, czujnik strunowy firmy Geokon oraz
przewody potaczeniowe BlTsensor PE-PVC. W eksperymentach badano zachowanie si¢ uktadu dla réznych dlugosci
przewoddw potaczeniowych, w szczegdlnosei dla: 1,5 m, 20 m, 40 m, 100 m, 160 m oraz 500 m.

Przeprowadzona w pracy analiza wspoétdziatania czujnika strunowego ze wzbudnikiem impulsowym wykazata, ze
podstawowym znaczeniem dla prawidtowego dziatania uktadu sa stany dynamiczne obwodu czujnik—przewody
potaczeniowe. To w zaleznosci od parametrow impedancyjnych cewek czujnika oraz parametrow elektrycznych
przewoddéw potaczeniowych zalezy mozliwo$¢ wzbudzenia si¢ drgan o czgstotliwosci wlasnej struny. To od tych
parametréw zalezy maksymalna dtugos¢ przewoddéw potaczeniowych, dla ktorej drgania samowzbudne struny beda si¢
utrzymywac.

Analiza teoretyczna wykazata, ze w przypadku zastosowania typowych komponentéw dostepnych na rynku mozliwa jest
praca uktadu z przewodami dochodzacymi do ok. 3+4 km. Badanie jednak nie uwzglednialy sprzezenia
migdzycewkowego, ktdre moze catkowicie wygasi¢ drgania wlasne struny z jednej strony i by¢ przyczyna wzbudzenia sig
niepozadanych drgan elektrycznych o czgstotliwo$ciach kilkukilohercowych z drugiej strony. Testy laboratoryjne

przeprowadzone na przewodach o r6znych dtugosciach potwierdzity zasadnicze wnioski idace z analiz teoretycznych



